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Abstract: In large part, the feasibility of the GFR for minor actinide burning depends upon the limitations
inherent to the fuel. GFR fuel concepts represent a compromise between heavy metal density and the ability
to withstand GFR severe accident conditions. Since no data exists on the irradiation behavior of proposed
GFR fuels under GFR core operating conditions, the assessments in this report are made on the basis of
scoping analysis of fuel concepts. A combination of behavior correlations and finite element analysis were
used to make relative judgments about the impact of minor actinide loading on fuel burnup lifetime. It appears
from literature data that the primary factor distinguishing MA-bearing fuel behavior is the generation of large
additional inventories of helium gas due to capture and decay processes beginning with **' Am. This large gas
inventory is problematic for the GFR, where loss of core pressurization results both in a rapid temperature rise
and the removal gas overpressure that acts as a restraining force.

In general, pin-type fuel is most adaptable to the issues posed by burning minor actinides. Fuel to plenum
volume ratios can be adjusted to account for the increased gas inventory at the cost of increased pressure drop
and a larger volume required for the core primary pressure vessel. Creep strengths of refractory metal
cladding materials are quite low at GFR accident temperatures and conventional sealed pin-type fuels would
require a very large plenum, on the order of 2-3X the fuel volume, to accommodate the gas release at an
americium loading of 10 at.% of the heavy metal at 10 at.% burnup. An alternative to sealed pin-type fuel
may be vented fuel or fuel fitted with a rupture disk system. In this case, considering only gas-loading of the
cladding as the life-limiting factor for the fuel, the potential for MA loading is much higher, and there are no
requirements for a long gas plenum.

Because particle packing density is low in a particle bed fuel and all fission gas must be accommodated
internally in a ‘buffer layer’ (effectively a gas plenum), fuel particle coating layers must be very thin relative
to those used on TRISO fuel. As a result, high stresses are generated in the fuel particle shell wall under core
accident conditions even for fuels containing no americium. Particle bed fuels thus have marginal utility for
MA management.

Coated particles dispersed in a solid matrix offer more restraint to particle swelling. Because of the nature of
dispersion fuel, the ‘gas plenum’ is integral to the fuel particle. Increase in ‘gas plenum’ volume always result
in lower heavy metal density in the fuel. This is in contrast to pin-type fuels, where increasing the gas plenum
length has no impact on the heavy metal density within the GFR active core volume. Dispersion fuel thus
offers less flexibility than pin-type fuel for burning minor actinides whose primary fuel performance attribute
is the generation of additional gas inventory. Dispersion fuel models indicate a significant increase in matrix
stress at americium levels above approximately 5 at.% during core accident conditions, where temperatures are
assumed to be reach 1600°C. At 5 at.% Am content, it is speculated that fuel burnup limits would be reduced
by 15-20% relative to fuel that contains no americium. Dispersion fuel is thus considered a viable concept for
managing minor actinides at levels on the order of 5 at.% heavy metal or less.

Due to the extremely complex nature of fuel behavior under irradiation, fuel irradiation testing is necessary for
final determination of viability; without irradiation test data, no concrete statements about viability can be
made. This is especially true for the GFR, where operating parameters and fuel physical requirements are
outside of the envelope of the current experimental fuel database.
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1.0 INTRODUCTION

This report gauges the feasibility of minor actinide (MA) management using the
Generation IV Gas-cooled Fast Reactor (GFR) concept from the perspective of fuel
irradiation behavior.

Fast spectrum gas-cooled system concepts are designed to operate at much higher power
density and have much smaller core heat capacitance than thermal spectrum gas-cooled
systems. Typical core power densities for gas-cooled thermal spectrum reactor systems
are in the neighborhood of 6 MW/m?®, while current designs for GFR systems call for
values in the range of 50-100 MW/m’. Current (thermal spectrum) high-temperature gas
reactor designs rely on the use of coated fissile particles widely dispersed in massive
graphite blocks, in contrast to the high fuel heavy metal density required for the GFR.
The large mass of graphite in thermal spectrum gas-cooled reactors provides for heat
transfer and thermal inertia, resulting in slow thermal transients on loss of coolant.
TRISO (tri-layer coated particle) fuel, used in thermal spectrum reactors, is not adaptable
to a gas-cooled fast reactor, however, due to low fissile loading, the swelling behavior of
graphite in a fast spectrum, and excessive moderation due to the large graphite/fuel ratio.

The neutronic requirements of a fast spectrum converter (low parasitic absorption), the
need for high fissile atom density to maintain a conversion ratio of unity, and the
requirement for fission product containment at high temperature (to allow the use of
direct cycle power generation) greatly reduce the field of fuel types that can be
realistically considered for GFR application. The current state of the art for GFR fuel
consists of a number of fuel concepts and estimates of viability based on identification of
potential life-limiting factors and order-of-magnitude modeling of the effects of these
factors on fuel temperature capability and burnup potential.

The assessments in this report on the feasibility of using GFR fuel for MA burning are
made on the basis of scoping analysis of fuel concepts; little experimental data is
available to support these assessments. Calculations are made on the basis of the
reference helium-cooled direct cycle variant of the GFR concept with parameters as listed
in Table 1.1. Some further incremental progress on determining the viability of minor
actinide transmutation using GFR fuel concepts can be made by developing more
sophisticated fuel performance models; this requires that a well defined set of material
properties and irradiation performance correlations be available for use by fuel designers
and modelers. In addition, analysis of the potential effects of the shift in fission product
distribution on internal fuel chemistry can be more clearly defined, as well as potential
decreases in fuel thermal conductivity. In the end, due to the extremely complex nature
of fuel behavior under irradiation, fuel irradiation testing is necessary for final
determination of viability; without irradiation test data, no concrete statements about
viability can be made. This is especially true for the GFR, where operating parameters
and fuel physical requirements are outside of the envelope of the current experimental
fuel database.
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Table 1.1. GFR Reference Design Parameters

System Parameter

Reference Value

Power level

Net efficiency

Coolant pressure

Outlet coolant temperature

Inlet coolant temperature
Nominal flow & velocity

Core volume

Core pressure drop

Volume fractions of Fuel/Gas/SiC
Average power density
Reference fuel composition
Breeding/Burning performances
In core heavy metal inventory
Fissile (TRU) enrichment

Fuel management

Fuel residence time

Discharge burnup ; damage
Primary vessel diameter

600 MWth
48%
70 bar
850 °C
490 °C
330 kg/s & 40 m/s
5.8—-10.7m3
~0.4 bar
50/40/10 %

50 - 100 MW/m3
UPuC/SiC (50/50 %)
fissile breakeven
8-15 MT
~20 wt%
multi-recycling
3 x 829 efpd
~10 at%
<7m
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2.0 GENERAL ASSESSMENT OF GFR FUEL CONCEPTS
2.1 Screening criteria for GFR fuel concepts

There are no currently developed fuels that meet all GFR requirements. Initial screening
criteria for new fuels were selected on the basis of satisfying GFR specific requirements
developed on the basis of the Generation IV goals of sustainability, economics,
proliferation resistance, and safety/reliability. GFR specific fuel attributes linked to these
goals are listed in Table 2.1

Table 2.1. Gen IV goals and impact on GFR fuel requirements.
Gen IV Goal GFR Fuel Attributes
Sustainability 1(a) High heavy metal density to allow for self-breeding
1(b) Fuel suitable for use in closed fuel cycle
1(c) Fuel performance must be compatible with full
actinide recycle
1(d) Fuel must be compatible with remote fabrication

Economics 2(a) High burnup
2(b) Reasonable recycle cost
Proliferation resistance 3(a) No separation of minor actinides, all minor

actinides incorporated into fuel

3(b) No breeding blanket requires higher in-core heavy
metal density

Safety/Reliability 4(a) No core restructuring during any accident scenario

4(b) Direct cycle power conversion requires low fission
product release

Based on Generation IV goals and the GFR fuel attributes derived from them, a simple
set of criteria with a common basis among all fuels was selected for initial screening of
fuel types; these criteria are listed in Table 2.2. More comprehensive requirements were
developed for specific fuel types based on the results of core neutronic and
thermohydraulic studies.

Table 2.2 GFR initial fuel screening criteria.

Screening Criteria Defining Reference Value used
Requirement for Screening
Melting temperature 4(a) > 2000°C
Fuel heavy metal density 1(a), 3(a), 3(b) > 5 g/em’
Fuel burnup potential 2(a) 5-10 at.% HM

The fuel temperature requirement, derived from the goal to exclude melting under
unprotected loss of flow conditions is the most limiting in terms of fuel selection, and
when coupled with core neutronic requirements, severely limits the range of possible
fuels. Obviously, current fuels such as zirconium-clad LWR fuel and stainless steel clad
fast reactor fuels are excluded on the basis of cladding melting temperature. TRISO
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coated particle fuel is excluded on the basis of low heavy metal density. Burnup potential
of fuels is somewhat more difficult to gauge, but does not appear to be overly restrictive.

Many fuel types can be eliminated out of hand; a few require more careful consideration.
Two categories of fuel have the highest potential for success; carbide and nitride-based
composite-type (dispersion) fuels and pin-type refractory ceramic fuel. Many variants of
pin-type fuels have been extensively developed, and offer a large database on which to
base estimates of fuel performance (although there are still sizable gaps). This fuel type
currently has limitations in high temperature performance due to the lack of a suitable
refractory cladding material. Breakthroughs in cladding development, such as the
successful development of SiC composite cladding material may make this fuel type
acceptable for GFR use. Pin-type fuel based on ODS steels (Oxide Dispersion
Strengthened) may be used for a GFR demonstration core startup. Duplex-type cladding
materials, consisting of a SiC fiber composite shell encasing an alloy cladding tube may
also be possible, and would likely meet the criteria of ‘no core restructuring’ while still
allowing seal welds to be made by more-or-less conventional fusion welding technology.
Another possibility is the use of vented cladding tubes.

Dispersion fuels (also referred to as composite fuels) offer the potential to reach goal
burnup and offer a larger range of flexibility in the choice of materials. These fuels
consist of a distribution of discrete fuel particles embedded in a refractory matrix. The
concept most likely to be successful for composite fuel will use thinly coated particles (or
elongated elliptical ‘rods’) embedded in an inert matrix. In the ideal case, the matrix
remains largely unaffected by neutron, fission fragment, and a-particle damage from the
fission events that take place in the fuel particles. Although this fuel type appears best
suited to withstand the high temperatures possible in GFR unprotected loss-of-coolant
accidents, it has limitations in terms of heavy metal density.

In addition, initial screening identified particle bed assemblies as a potential fuel type
meeting GFR goals, although the resolution of many technical issues remains uncertain.
This fuel type has been selected as the front-runner for the current Japanese GFR
concept.

Two fuel types, pin-type fuels and dispersion fuels, were thus selected for detailed further
study. Also considered to a lesser degree were particle bed fuels. In the following
sections, reference fuel designs are proposed for pin-type and dispersion fuels. The
primary factors that differentiate fuels for minor actinide burning are assessed, and
assessments of the applicability of thee fuels to burning minor actinides are made for on
the basis of fuel behavior models and available material property data.
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2.2 Pin-type fuel
2.2.1 Overview and Requirements

Pin type fuel is attractive due to the large operating database accumulated for similar fast
reactor fuels and cladding materials. The high outlet temperature of the GFR and the
requirement for exclusion of core restructuring as a result of clad melting, however,
eliminates all steel-based alloys, including ODS (Oxide Dispersion Strengthened) steels,
from consideration.

Fuel response to the core conditions following a loss-of-coolant event is the overriding
factor in the design of pin-type fuels. A gas plenum must be built into the fuel to
accommodate gas release. During normal reactor operation at 70 bar coolant pressure,
fuel can be designed such that the net stress on the cladding is compressive; the coolant
pressure is larger than the pin internal pressure. The plenum length is then a compromise
between internal gas pressure that can be tolerated during core depressurization and
shutdown and the coolant pressure drop through the core during operation.

During an unprotected LOCA, however, core coolant pressure decreases coincident with
both core and fuel temperature increases. This increase in fuel temperature causes
increased fuel pin internal pressure due to both gas pressurization and an increased gas
release rate from the fuel. This increase in pin internal pressure, coupled with the lack of
external core pressure causes a large increase in cladding tensile hoop stress. This
increase in cladding tensile hoop stress occurs coincident with a decrease in cladding
creep strength due to the cladding temperature increase. This combination of events
during unprotected LOCA, coupled with core design constraints driven by plenum height
restrictions make conventional sealed pin design for GFR fuel difficult to implment.

Alternatives to sealed fuel pin designs that alleviate the above problem due to pressure
and temperature excursions during LOCA include a common plenum in the low
temperature region of the core, fuel pins containing rupture disks that allow pin
depressurization to the coolant prior to ballooning, or vented fuel pins.

Specific requirements for pin-type fuel are, in general, similar to those defined for liquid
metal-cooled fast reactors and are listed in Table 2.3, except that the required cladding

melting temperature is much higher.

Table 2.3 Pin-type Fuel Requirements

Requirement Reference Value
Maximum Diametral <2%
Swelling
Peak Dose > 80 dpa
Clad Melting Temperature >2000°C
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2.2.2 Fissile Phase Considerations

Two primary factors are involved in the selection of the fissile phase for pin-type fuel,
these are core neutronic and fuel performance. Core neutronics calculations performed
as a result of the U.S./French INERI program indicate that oxide fuel is a poor performer
from the perspective of core neutronics relative to carbide and nitride fuels due to low
heavy metal density and spectral softening due to the presences of oxygen. Excluding
oxide fuel, the primary choices of fissile phase become mixed carbide and nitride fuels.
Both fuels have been demonstrated to perform well to burnups on the order of 8-12% HM
in sodium cooled fast reactor systems. These systems operate at lower cladding
temperatures but higher power densities relative to current GFR requirements.

There are no outstanding considerations related to fuel behavior that separate carbide and
nitride fuels. Scoping fuel performance analyses do not differentiate these fuels at a
generic level. At lower burnup, mixed nitride fuel swelling and gas release tends to be
lower than that of carbide fuel. As burnup increases, however, these differences in gas
release and swelling behavior decrease. Considerably more fuel performance data is
available for mixed carbide fuels, including swelling and gas release correlations,
although much of the data is for fuels with high oxygen content, which tend to exhibit
higher swelling. Data is also available for carbide sphere-pac fuel.

Another consideration is the need for '’N enrichment and recycle for nitride fuel for
reasons of neutron economy in the GFR system. The presence of '*N strongly affects
core breeding performance. The order of magnitude to which this additional expense
effects fuel cycle cost are a source of significant uncertainty which favor the use of
carbide fuel.

It is likely that the overriding factor in fissile phase (pellet) selection for a pin-type
concept will be driven by cladding compatibility, a fuel performance consideration.

2.2.3 Cladding Selection

The goal to prevent core restructuring coupled with core neutronic requirements limits
the potential choice of cladding materials. Alloy base-metals and metalloids that meet
the 2000°C melting temperature requirement are B, C, Nb, Mo, Ru, Hf, Ta, W, Re, Os,
and Ir. It is obvious that B and Hf are not practical materials for this application due to
their effect on core neutron economy and that Ru, Os, and Ir are not practical due to cost
and availability. Scoping core neutronics studies have also shown that cores clad with
Ta, W, and Mo require very large heavy metal inventories to allow self breeding. Carbon
and carbon/carbon composites have a service life of less than 15 dpa [1], compared to the
>>100 dpa required during the service life of fuel at 100 % burnup, and are also
excluded.

The remaining allowable alloy base metal, Nb, was developed in alloy form as Nb-1Zr
and PWC-11 (Nb-1Zr-0.06C) during the SP-100 space reactor program. Many fuel
irradiation experiments have been conducted using variants of Nb-Zr cladding and UN
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fuel to burnups of approximately 6% in fast spectrum environments. [2] A thin rhenium
cladding inner liner was found to be important for limiting fuel-cladding-chemical-
interaction. Neutronic performance of Nb-1Zr clad fuel encased in Nb-1Zr ducts is
marginal for the GFR, but improves when SiC is used as the duct material. [3] Concerns
related to the use of Nb-based alloys are performance in case of air ingress associated
with high core temperatures during a LOCA and sensitivity to coolant impurities. In the
case of air ingress at high temperature, the cladding would be heavily oxidized and may
lose structural integrity and allow fuel movement. Careful control would also have to be
exercised over reactor coolant impurity content during normal operation. A potential
alternative includes the use of Nb-1Zr based materials as a potential inner shell in a
duplex cladding system, where the outer shell is designed to protect the alloy from
interaction with the coolant.

SiC is another potential cladding choice, although at a much earlier stage of development.
Joining of SiC to SiC or other materials is a major issue confronting development of SiC
cladding. A method for cladding development that appears promising is the NITE (Nano
Infiltration Transient Eutectic) process developed in Japan at Kyoto University, although
little detailed information has been published in the open literature in the English
language. Work on joining SiC has also been conducted as a part of this program.

Other potential processes include CVI (Chemical Vapor Infiltration) of a fiber preform
woven over a monolithic SiC tube being conducted under a DOE SBIR (Small Business
Innovative Research) grant by Gamma Engineering. [4] A SiC reinforced ferritic steel
cladding is also under development [5]. The best near-term approach may be the hybrid
approach, were a metallic liner is used to ensure a hermetic seal and ease pin closure
issues.

SiC cladding is most compatible with mixed carbide fuel. Reaction of SiC with UN is
thermodynamically favorable above 550°C, although reaction could presumably be
prevented through the use of a cladding liner. SiC composites have demonstrated good
irradiation behavior [6] and should be capable of maintaining mechanical properties at
dose levels well beyond 50 dpa at temperatures of less than 1000°C.

2.2.4 Reference and Alternate Concepts

Significant unknowns confronting the development of SiC cladding and the integral
performance of SiC clad mixed carbide fuel must be weighed against the more developed
but less suitable Nb-1Zr clad nitride fuel. Nb-1Zr has the additional difficulties of
requiring tight control of coolant impurity level, particularly oxygen and hydrogen; SiC is
more robust in this regard. Nb-based cladding materials may have to be protected from
interaction with coolant impurities by a protective outer shell. (U,Pu)N fuel, most
compatible with Nb-1Zr cladding, requires enrichment in '°N for neutronic reasons,
which represents a significant unknown in terms of fuel cycle cost. In view of these
tradeoffs and the relatively unknown state of technology, neither technology offers a
definite advantage.
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SiC clad (U,Pu)C fuel is selected as the reference for pin-type fuel, however, in light of
the potential of this fuel system in meeting Gen IV goals. SiC offers improved core
neutronic performance over Nb alloys and expected robust behavior in the case of air
ingress into the core during accident events. In addition, this fuel combination has the
advantage of not requiring the production and recycle of enriched nitrogen. Significant
difficulties relating to the manufacture and sealing of thin-walled composite tubes also
need to be resolved.

2.3 Particle bed fuel
2.3.1 Overview

Coated particle fuels (CPF) configured as a particle bed or as a fluidized bed have been
considered primarily for nuclear propulsion applications in the past, [7,8,9] but have also
received cursory consideration for use as a reactor system for minor actinide burning
[10]. The primary advantages in using such a system are the low thermal gradients across
each fuel unit (particle) and a high heat transfer area, resulting in low thermal stresses
within fuel particles and the ability to resist fuel damage during transients. The primary
issues with such a system are related to practical matters in fuel element design,
particularly the design of a reliable frit material to keep fuel particles from exiting the
reactor and preventing the possibility of frit clogging under conditions in which fuel
particles generate aerosols or small fragments due to failure. Pressure drop across
assemblies also tends to be higher than for fuel designs with discrete channels, although
this can be offset by using thin beds, within the constraints imposed by heavy metal
loading requirements in the core.

2.3.2 Fuel Design

Detailed fuel design studies have not been conducted in the U.S. The Japanese have
adopted a particle bed core as the reference for the GFR under their ongoing ‘feasibility
study’. The Japanese core consists of horizontal flow assemblies, as depicted in Figure
2.1 (b) [11]. Particles consist of a TiN porous buffer and seal coat of TiN over large
diameter (U,Pu)N particles Fig 2.1 (a). The frit material is a SiC composite, as are the
other structural components. Similar particle bed designs have been studied by the
French CEA [12]. An alternate design (Fig 2.1(c)), consisting of a bed of particles
embedded in a solid SiC matrix is also considered; this is equivalent to a ceramic matrix
dispersion fuel.

Significant concerns regarding this concept relate to fuel particle integrity, performance,
and retention in the subassembly. The failure behavior of ceramics is controlled by the
presence of microstructural defects introduced primarily during fabrication; failure is
induced by stress concentrations around these defects leading to crack growth. A net
compressive stress field does not lead to crack propagation, thus ceramics are
considerably stronger in compression than tension. During normal core operation, a net
compressive stress is imposed by core coolant pressure. During loss-of-coolant
scenarios, this force is removed. In TRISO fuel designs, the SiC ‘pressure vessel’ layer
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relies on irradiation-induced shrinkage of the inner and outer pyrocarbon layers in order
to maintain a net compressive stress in the coating until late in its service life. The
absence of the two pyrocarbon coating layers allows a net tensile stress to develop in the
coating as a result of fission gas pressurization, and will almost certainly lead to a much
less robust fuel. Because strength in ceramics is flaw controlled, statistical data from
materials produced by prototypic fuel particle fabrication methods is required in order to
estimate particle failure probability. This concern is offset to some degree by embedding
the particles in a solid matrix, where manipulation of the relative thermal expansion
coefficients can lead to a net compressive stress in the particle coating during operation.
This is a dispersion fuel concept.

A second concern that has not been addressed for particle bed concepts is the affect of
particle-to-particle movement on fuel behavior. The particle bed is similar in design to
vibratory mills, which provide effective means of reducing particle size in the ceramic
industry, thus care must be taken to avoid the possibility of excessive particle motion
within the bed during reactor operation. Finally, the effect of interparticle sintering or
fusion on subassembly flow and particle failure must be addressed. Given these
concerns, the particle bed assembly, offers greater uncertainties and obstacles to
development than either of the other two concepts considered.

2.3.3 Reference Concept
No distinct U.S. reference is suggested for the particle bed fuel concept. Given the early

state of development of this concept, both the CEA or Japanese designs are considered
equivalent.
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Figure 2.1 (a). Japanese coated particle concept for particle bed GFR.
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Figure 2.1(b). Japanese horizontal flow particle bed subassembly.
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Figure 2.1 (¢). Japanese ‘solid matrix’ coated particle fuel subassembly design.
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2.4 Dispersion fuel
2.4.1 Overview

Dispersion fuels (also referred to as composite fuels) offer the potential to reach goal
burnup and offer more flexibility in choice of materials than pin-type concepts. These
fuels consist of a distribution of discrete fuel particles embedded in a non-fuel matrix.

Dispersion fuels have been shown to be capable of very high burnup, in certain cases far
exceeding the ATW goal burnup of 30%. Properly fabricated UO, dispersions in
stainless steel have been shown to be capable of >°U burnup >70% at 93% enrichment.
This experience is not directly applicable to an americium-bearing fuel, however, because
of additional stress exerted on the matrix by helium gas production.

Dispersion fuels are heterogeneous mixtures of fuel particles dispersed in a matrix
material that provides mechanical restraint and an efficient path for heat conduction away
from the fuel [13] An ideal dispersion consists of spherical particles uniformly distributed
throughout a chemically and neutronically inert matrix material. In order to minimize the
total matrix volume damaged by fission fragment recoil from the fuel particles and retain
matrix strength, fuel particles should be large compared to the fission fragment range in
the matrix, and the fuel particle volume fraction should be low enough to ensure that
damage zones do not overlap. [14] Dispersion fuel performance is thus sensitive to
fabrication parameters, microstructure, and matrix strength at temperature.

Composite fuel performance depends heavily on the microstructural characteristics of the
fuel. Two primary strategies have been pursued for optimizing fuel behavior through
manipulation of microstructural variables. Macrodispersions attempt to maintain the
thermal conductivity and structural integrity of the matrix during irradiation through the
use of relatively large and widely distributed fissile phase particles. Microdispersions
incorporate a fine dispersion of the fissile phase into a neutronically inert matrix. This is
often done as a convenience for fabrication. In the case of a microdispersion, fission
related damage occurs over a larger fraction of the matrix volume relative to a
macrodispersion, introducing the possibility for fission fragment driven matrix swelling.
Macrodispersions are thus preferred for the composite-type fuel currently envisioned for
the GFR. In the ideal case, the matrix remains largely unaffected by neutron, fission
fragment, and a-particle damage from the fission events that take place in the fuel
particles. The concept most likely to be successful for composite fuel will use thinly
coated particles (or elongated elliptical ‘rods’) embedded in an inert matrix.

2.4.2 Dispersion Fuel Particle Concepts

Two types of fuel particle designs have been considered for GFR dispersion fuels. These
are particles fabricated with and without a buffer layer.

The simplest dispersion fuel concept, and the one with the highest potential fuel loading,
consists simply of a (non-buffered) fuel particle embedded in an inert matrix. This
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particle may incorporate a thin barrier coating to prevent fuel/matrix chemical interaction
from occurring during fabrication and irradiation. Such particles typically include a
distribution of approximately 15% open porosity to act as a fission gas ‘plenum’ reducing
the gas-driven pressure on the matrix. Dispersions using this concept have been proven
to work well in combination with ductile matrices such as steel [15] and niobium [16].
Figure 2.2 (a) shows a schematic drawing of this fuel type. Figure 2.2 (b) shows, as an
example, a dispersion of oxide fuel in a stainless steel matrix. This combination of
ductile matrix and ‘unbuffered’ fuel particle has been proven to be quite robust in
numerous irradiation tests of metallic matrix fuels. Performance has been empirically
postulated to be limited by a combination of fission density and temperature. Fuel fission
density is linked both to fuel particle loading and burnup. Figure 2.2 (c) shows a plot of
irradiation data for plate-type dispersion fuels circa. 1963 [17]. Fuels lying to the left of
the line are postulated to be stable; those to the right, unstable during irradiation. Note
that the °‘stability line’ will likely be shifted further to the right for dispersion fuel
configurations such as blocks and plates, due to a more favorable distribution of stress in
these cases.

The ‘unbuffered’ fuel concept works well when used with ductile matrix materials,
however experiments in dispersion fuels fabricated with particles directly in contact with
ceramic matrices produce less favorable results. Several irradiation tests have been
conducted using oxide-based cercer fuel concepts in France [18,19] and Japan [20].
Matrix cracking has been observed in all of these cases, leading to higher than expected
fission gas release. This behavior has been attributed to stresses imposed on the matrix
both from fuel particle swelling and the differences in thermal expansion coefficient
between the fuel particles and the matrix. Also examined in the THERMHET irradiation
test in France was the so-called ‘jingle’ variant of the macrodispersed concept, which
incorporates free space between the fuel particle and matrix. This concept shows promise
in reducing matrix fracture due to fuel/matrix mechanical interaction, although some
matrix cracking was still observed. [21]

Figure 2.3 (a) shows the results of a finite element calculation of the maximum principal
stress induced by thermal expansion mismatch in a composite consisting of UC particles
dispersed and bonded to a SiC matrix; here the stress free temperature is 25 °C. It can be
seen that at 1000°C, a maximum principal stress >360 MPa occurs due to thermal
expansion mismatch alone. This stress level will be unacceptable for ceramic materials,
which do not readily deform and relax these stresses. (In reality, the stress free
temperature will be approximately the fabrication temperature, resulting in a somewhat
different stress distribution in the matrix).
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Figure 2.2. (a) Schematic on ‘unbuffered’ dispersion fuel. (b) Example of dispersion
of UO; in stainless steel. (c) Plot of fission density vs. surface temperature showing
empirical regimes of stability for UO, dispersions in stainless steel.
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Given the available cermet irradiation behavior database, the concept most likely to
minimize fission gas release to the coolant will incorporate ‘buffered’ particles in a dense
matrix. This concept is shown in Figure 2.3 (b). Here each particle is surrounded by a
low density layer of material with low crush strength. This ‘buffer’ material serves the
dual role of providing volume for fission gas and providing volume for fuel particle
swelling. The buffer layer is protected by a dense layer, also designed to provide for
fission product retention. In this way, there are three barriers to fission product release to
the coolant. These are the coating around the particle, the dense matrix, and the cladding
around the fuel block.

The use of coated particles makes it more difficult to achieve high heavy metal density in
the fuel. Since fuel particle volume increases in proportion to the cube of the particle
radius, the net heavy metal density within a fuel particle falls rapidly with increasing
coating thickness. This fact requires that the coating thickness to kernel diameter ratio be
kept as small as possible while maintaining utility as a fission product barrier. Shown in
Figure 2.3 (c) is a plot of matrix stress in a free particle due to fission gas release plotted
over the ratio of coating thickness to kernel diameter for a fixed buffer layer thickness at
10% burnup. The buffer layer thickness was chosen accommodate 15 volume percent
fuel particle swelling. This plot is, of, course, the result of specific assumptions about
the fission gas release rate from the fuel kernel. From the plot, it can be seen that below a
ratio of 0.1 at 1473 K, the stress in the coating outer shell increases rapidly with
decreasing coating thickness. The coating thickness to kernel diameter ratio should thus
be maintained at 0.1 or slightly greater. In order to eliminate local stresses due to
differential thermal expansion, the thermal expansion coefficients of the fuel particle
coating and the matrix should be matched.

The most likely fissile particle types for composite fuels are (U,Pu)C and (U,Pu)N, due
the combination of high melting temperature and high actinide density. Although a
dispersion of nitride fuel particles may exhibit lower fission gas release than the carbides,
the same questions related to the use of "N in the fuel matrix apply to nitride fuel
particles. Chemical compatibility issues favor the use of a nitride coating system (TiN,
ZrN) for mixed nitride kernels and a carbide coating system (SiC, ZrC) for mixed carbide
kernels. Because of the poor irradiation performance of pyrocarbon at high fast fluence,
the use of a low density pyrocarbon buffer layer is questionable. Low density carbide
and nitride coatings with low crush strength deposited from non-halide precursors may be
more suitable.
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Figure 2.3. (a) FEA calculation of stress to the differential thermal expansion in a UC
particle, SiC matrix dispersion. (b) ‘Buffered’ particle concept. (c) Plot of the effective
stress in a coating due to fission gas pressure as a function of the shell thickness to kernel
diameter ratio. Particle diameter 400 um; buffer thickness fixed at 19 pm.
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There has been some recent development of TiN-based coatings for particle fuels [22].
ZrC has undergone irradiation testing as a coating on TRISO fuel, and may have superior
retention of some fission products, especially at high-temperature. [23] There is,
however, a much larger database available for fabrication, properties, and irradiation
behavior of SiC coatings. [24]

Because of the existing SiC database, SiC coated (U,Pu)C kernels are selected as the
reference materials for GFR dispersion fuels. The reference design includes a low
density SiC buffer layer, preferably deposited from a non-halide source, and a dense SiC
overcoat for fission gas retention.

2.4.3 Selection of Matrix Materials for Dispersion Fuel

A wide variety of initial choices for the matrix phase in a composite fuel are available
including refractory metals, transition metals, oxide, carbide, and nitride ceramics as
binary, ternary, and higher compounds, and intermetallic compounds. Recent related
work on inert matrix fuels for plutonium and minor actinide burning has focused on
determining the viability of cercer concepts using oxide matrices for plutonium burning
in LWRs. This work has included fabrication studies [25,26], out-of-pile
characterization, and irradiation testing of materials that employ uranium as a fissile
surrogate for plutonium. [27, 28].

Requirements for GFR matrix materials are based on GFR performance requirements,
Table 2.4 lists GFR fuel matrix material requirements based on reactor design goals as

enumerated in Table 2.1.

Table 2.4. GFR fuel matrix material reference requirements

Requirement Reference Value

Melting/decomposition >2000°C

temperature

Radiation induced swelling < 2% over service life

Fracture toughness > 12 MPam'"”

Thermal conductivity > 10 W/mK

Neutronic properties Materials allow low core heavy metal
inventory of less than 15 MT and
maintain good safety parameters

Based on these requirements, the list of possible matrix material candidates is narrowed.
Figure 2.4 (a) is a depiction of the periodic table. Elements that are gaseous or liquid at
room temperature are shaded darkly, those with melting temperatures above ambient but
less than 1800°C are noted with an intermediate shade of gray in a solid pattern.
Elements with melting temperatures in the range of 1800° - 2000°C are shaded in light
gray. Elements that meet the melting temperature criterion of 2000°C or above are left
unshaded. (Tc is not considered here as a matrix material because it is radioactive, and
there are limited quantities available in separated form for core startup). The transition

Report on feasibility of GFR fuel for minor actinide management
Rev. 0, 8/30/04 17 of 66



metals Ti, V, Cr, Fe, Ni and Zr, which are otherwise reasonable to consider as matrix
materials, are thus excluded on the basis of inadequate melting temperature and lack of
high-temperature creep resistance.

Figure 2.4 (b) considers additionally the impact of material neutronic properties on core
heavy metal inventory and safety parameters. Scoping core neutronics studies [29] have
shown that the use of the refractory metals Mo, Ta, W, and Re is not practical due to
neutronic penalties associated with the high absorption cross sections of these materials
that make it difficult or impossible to meet GFR design goals in terms of core heavy
metal inventory and core safety parameters. Nb is marginal in this regard, and may be
useable as a matrix material in some instances, when the volume can be limited. As
discussed above, the combination of Nb cladding and ducts results in the requirement for
large core heavy metal mass and degraded Doppler coefficient due to spectral hardening.
Another potential option is the enrichment of naturally occurring molybdenum in the
isotope **Mo, which dramatically decreases the absorption cross section. This is the
approach being taken to the development of cermet Am targets as a part of the
international FUTURIX-FTA irradiation program in the Phénix reactor. [30] This option
has not been seriously pursued due to uncertainties in the cost of implementing
molybdenum enrichment technology for large-scale deployment.

Carbon is also neutronically marginal due to the fact that it is a neutron moderator;
limited quantities are possible in the core, however consideration of irradiation behavior
eliminate carbon in the form of graphite or carbon-carbon composites. These materials
exhibit anisotropic swelling under irradiation, resulting in severe degradation of
mechanical properties at a dose of 10-15 dpa, far less than the estimated dose of ~160 dpa
(stainless steel) expected for (non-fissile) fuel materials at the initial GFR goal burnup of
10 at.% HM. As seen in figure 2.4 (b), no materials in the elemental state are suitable for
achieving GFR goals. This statement also applies in general to metal alloys. A possible
exception is the use of niobium metal in small quantities. These considerations drive the
choice of matrix materials into the realm of ceramics.

Ceramics, especially carbides and nitrides, tend to have high melting temperatures and
excellent high-temperature creep resistance. There are thousands of possible binary,
ternary, and higher ceramics based on combinations of elements with carbon, oxygen,
nitrogen and sulfur; many of these materials have been poorly characterized with respect
to properties. While intermetallic materials are a possibility, they also remain largely
unknown in terms of general properties and irradiation behavior, and little can be said
about the suitability of these materials for use in the GFR environment. Many of the
refractory carbides and nitrides are again disqualified due to unsuitable neutronic
properties. Table 2.5 (a) is a list of the more common and well characterized ceramics
that meet screening requirements for melting temperature and core neutronics.

The criterion for thermal conductivity was established through the analysis of the stress
generated by thermal gradients in a honeycomb matrix. The stresses in the honeycomb
structure were found to be lower than those generated in a solid hexagonal block
containing cylindrical coolant channels. Figure 5.4 (a) shows an example result of finite
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element analysis of the temperature distribution in this body for a uniform power
deposition of 70 MW/m®. Figure 5.4 (b) is a plot of the magnitude of the maximum
temperature gradient in the body and the magnitude of the maximum principal stress
calculated as a function of the bulk thermal conductivity of the matrix. It can be seen that
at thermal conductivity values above about 12 W/m-K, matrix stress is a slowly varying
function of thermal conductivity. Below this value, matrix stress increases rapidly with
decreasing thermal conductivity. The criterion for minimum thermal conductivity was
thus set at 12 W/m-K.

Considering the minimum thermal conductivity criterion leads to the elimination of most
of the oxides and CeN, as shown in Table 2.5 (b). Further applying the criterion for
irradiation stability of less than 2 volume percent of swelling during the in-core service
life results in elimination of SizsN4. Spinel (MgAl,O4) is marginal in this regard, and
exhibits high swelling in response to high energy fission fragment damage, Mg in the
spinel has been found to migrate down the temperature gradient during irradiation of
spinel-matrix cermets, and so is disqualified. [31] While not strictly an irradiation
performance issue, MgO has a high vapor pressure and poor thermal shock resistance,
and is thus also disqualified. AIN also exhibits poor irradiation behavior in some
temperature regimes (see below), and is considered marginal in this application. No data
is available to support the selection of YC,, VC, or YN as matrix materials, so that they
are not considered for use in the intermediate term.

After consideration of the screening criteria, a handful of materials emerge that have the
potential to meet GFR fuel matrix material requirements. Based on available data, six
ceramic materials and niobium have been selected for further study as potential matrix
materials and coatings for GFR composite fuel concepts. The ceramics are zirconium
carbide (ZrC), titanium carbide (TiC), silicon carbide (SiC), zirconium nitride (ZrN),
aluminum nitride (AIN) and titanium nitride (TiN).

Despite common industrial use of many of these candidate matrix materials, there are still
large gaps in mechanical and thermal property databases that make the design of a
refractory ceramic matrix fuel form difficult. The response of many ceramic materials to
neutrons and fission fragments is a complex function of cercer microstructure, irradiation
temperature and dose history. Ceramics are also generally brittle and care must be taken
that thermal and mechanical stresses in the matrix do not exceed the elastic limit of the
material, or matrix cracking may occur, negating a fission product barrier and one of the
useful attributes of this fuel. In addition, properties of ceramics are heavily dependent
on the microstructure, and thus the route taken to fabrication. With this caution, material
properties for the six ceramic materials are presented in Table 2.6. (Properties of
niobium are discussed in section 2.4.3.7) In some cases there are large ranges or
ambiguities in available data; these are indicated in the table.

The mechanical strength of ceramics is flaw controlled and thus depend strongly on
specimen size and the number density and size of microstructural defects. Well
characterized strength and fracture toughness data are not available for many of these
materials due to the difficulty in processing the large number of specimens required to
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obtain statistically significant data, and the lack of microstructural optimization. Many of
these materials are used as coatings, so that bulk property data is not of great commercial
interest. It can be expected that the strength and fracture toughness of specimens
prepared by conventional powder processing will be similar to that of other materials in
this class, ranging from 300-700 MPa when tested in four-point flexure. Fracture
toughness and thermal shock resistance are issues that must be addressed for all ceramic
materials through the use of microstructural designs that incorporate stable barriers to
crack growth into the matrix. Each of the candidate matrix materials are discussed in the
sections below.
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Figure 2.4 (a). Down-selection of matrix materials based on melting temperature
criterion. Elements that are gaseous or liquid at room temperature are shaded darkly,
those with melting temperatures above ambient but less than 1800°C are noted with an
intermediate shade of gray in a solid pattern. Elements with melting temperatures in the
range of 1800° - 2000°C are shaded in light gray. Elements that meet the melting
temperature criterion of 2000°C or above are left unshaded.
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Figure 2.4 (b). Down selection of matrix materials based on neutronic and irradiation
behavior criteria. Materials that meet other criteria but are neutronically unacceptable are
shaded with a horizontal grid; materials are excluded on the basis of irradiation behavior
are shown with a diagonal grid. No elemental materials meet GFR requirements,
although Nb is marginal.
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Figure 2.5. Effect of thermal conductivity on thermal gradients and matrix stress for a
power density of 140 MW/m’. (a) Example of results of FEA calculation for
temperature distribution. (b) Plot of magnitudes of maximum temperature gradient
and maximum principal stress over matrix thermal conductivity in W/m-K.
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Table 2.5 (a) Ceramics that meet melting temperature and neutronics requirements.

Oxides Carbides Nitrides
Al,O5 SiC AIN
CeO, TiC CeN

MgA1204 VC Si3N4
MgO YC, TiN
Y203 ZrC YN
710, ZrN

Table 2.5 (b) Ceramics that meet melting temperature, neutronics, and thermal

conductivity requirements.

Ox1des

Carbides

Nitrides

SiC

TiC

VC

YC,

ZrC

Table 2.5 (c) Ceramics that meet melting temperature, neutronic, and irradiation

performance requirements.

Oxides
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Table 2.6. Summary of properties of candidate GFR matrix materials.

Property SiC ZyrC | TiC | AIN TiN | ZrN
Theoretical Density (g/cm’) 3.21 (B)| 6.51 491 3.25 5.42 7.35
Fracture Toughness (MPa m”) 4-6 -- -- 3-4 5 4-7
Elastic Modulus (GPa) 480 400 450 350 |250-590{380-510
Shear Modulus (GPa) 162 -- -- -- -- 154
Poisson’s Ratio 0.17 0.19 - 0.22 0.22 0.26
Flexural Strength @RT (MPa) 700 -- 400 |300-500( 430 --
Compressive Strength @R T (GPa) 4.6 -- 0.7-3.0 -- 1.3 1.0
Specific Heat Capacity (Range 20- 700- [250-500{550-880| 800- 800- 800-
1000°C)(J/kg.K) 1300 1000 | 1000 | 1000
Melting Temperature (°C) 2760 | 3450 | 3067 | 2790 | 2950 | 2980
(decomp)
Thermal Conductivity (W/m.K) 40-120 | 17-36 | 10-20 |100-200| 20-60 | 10-15
Thermal Expansion Coeff. (10°/°C) (RT-| 5.3 6.7 8.3 5.0 9.4 7.2
1000°C)
2.4.3.1 8iC

SiC offer the largest existing database in terms of material properties, irradiation
behavior, and fabrication. Silicon carbide exists in cubic, hexagonal and rhombohedral
structures. The hexagonal and rhombohedral structures are referred to as a-phase, while
the cubic phase is referred to as the B-phase. SiC rapidly forms an SiO; surface scale on
exposure to air at elevated temperature. This surface layer is compact and offers
protection from further oxidation. SiC thus has excellent oxidation resistance, for
example SiC heating elements have a service life of thousands of hours at surface
temperatures exceeding 1600°C. The irradiation behavior of SiC is well documented.
The understanding of the irradiation behavior of SiC-based composite materials is also
maturing [32], and can be applied should the use of a composite be required to increase
fracture toughness. Processing of SiC into dense shapes is currently done on an industrial
scale at a reasonable cost, although major modifications will be required for processing of
particle fueled composites. Other properties of SiC appear to be adequate for GFR
service, with the exception of low fracture toughness. SiC is thus selected as the
reference matrix material for initial GFR fuel development.
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With the exception of SiC, irradiation behavior data for the other carbide and nitride
ceramics considered is sparse, although the data that does exist indicates mostly benign
response to irradiation. These alternate materials may however, offer benefits due to
their more refractory nature and additional opportunities for fabrication processes and
property tailoring to meet specific GFR fuel needs.

2432 7ZrC

Zirconium carbide is an extremely refractory material, but also very difficult to process
due to low intrinsic diffusion coefficients even at temperatures in excess of 2000°C. ZrC
forms in the face-centered cubic ‘rock-salt’ structure (sodium chloride prototype, as do
TiN, ZrN, and TiC). [33] ZrC is the sole compound that forms in the Zr-C system, and
has a wide solubility range, from 37.5 to 49.4 atom % carbon (7.3 -11.4 wt.%) at 1835°C.
The highest melting point is achieved at a composition of 44.5 at.% carbon (9.5 wt.%).
The minimum solidus temperature of the two-phase mixture that forms for carbon rich
material is 2910°C. This is of interest due to the possibility of increasing fracture
toughness through the presence of graphite platelets in the microstructure. The solidus
temperature of hypostoichiometric compositions is ~1835°C; this may also be acceptable
as it is likely that a material containing a small fraction of free zirconium metal will
maintain adequate structural integrity during a GFR loss of coolant condition. Barnier et.
al. [34] studied the hot-pressing kinetics of ZrC in the temperature range from 1700°-
2400°C and a pressure of 40 MPa. Data were collected for processing times of one and
two hours. Theoretical density of greater than 95% was achieved at 1900°C after two
hours or at 2000°C for one hour. Thermal conductivity in ceramics can vary widely with
microstructure and impurity content. At 1000°C, data for ZrC indicates that thermal
conductivity values range from approximately 17 to 36 W/mK. [35,36,37] Limited data
on the neutron irradiation behavior of ZrC is available. Specimens of slip cast/sintered
and explosion pressed ZrC were irradiated in the ETR (Engineering Test Reactor) in the
late 1960’s at two different temperatures (130-355°C and 1000°-1100°C) to a fast
neutron fluence of 5x10*' n/ecm®. [38] Volume swelling in the lower temperature range
was on the order of 3%. As is common in ceramics, irradiation at higher temperatures
results in less swelling due to self-annealing (recombination) of neutron produced
defects. Swelling was 1% or less at the higher irradiation temperature. ZrC has been
used as a coating in TRISO-type fuel. [39,40] In this capacity, it seems to have
performed well under irradiation when deposited as a CVD coating. No quantitative data
on swelling or changes in other physical attributes is available from these tests, however.

2.4.3.3TiC

Similar to ZrC, the TiC phase has a wide stoichiometry range on the hypostoichiometric
side of the 1:1 compound phase. Properties such as hardness and melting point vary with
stoichiometry with the highest melting point being at the TiC 44 composition.

The maximum melting temperature is ~3070°C, with a minimum solidus temperature of
~2780°C for the carbon-rich eutectic. Kendall [41] reported extensive work on arc
casting of hyperstoichiometric TiC using a water-cooled graphite hearth. Work was
focused on producing specimens containing free carbon to improve thermal shock
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resistance. The strength of these materials produced by arc casting were measured in
flexure and compression, and indicate that behavior and strength is typical of other
ceramics in this class. Because of its high melting point and low atomic number, TiC is a
candidate material for in-vessel component coating material for fusion devices. As such,
irradiation property studies have focused on high-energy helium ion bombardment
effects. [42,43] Limited data on the neutron irradiation behavior of TiC is available.
Specimens of slip cast and sintered and explosion pressed TiC were irradiated in in the
same test as discussed above for ZrC. Behavior under those conditions is similar to that
of ZrC, with swelling of material irradiated at low temperatures in the range of 2-3 vol.%,
and swelling of material irradiated at the higher temperature in the range of 0.25-0.5
vol.%.

2.4.3.4 AIN

Refractory nitride compounds offer another opportunity for matrix material optimization.
The use of natural nitrogen in these compounds, however, leads to the production of '*C,
which is a concern from both the perspective of release during recycle and core neutron
economy. The repercussions of nitrogen enrichment and recovery on fuel cycle costs are
not fully understood, and the acceptability of nitrides as fuel and matrix materials in the
GFR core thus remains an open question. Despite this question, nitride compounds may
have advantages over carbides in terms of processability, thermal conductivity, and
irradiation stability, and so are considered as GFR matrix materials.

Aluminum nitride (AIN) is used widely in the electronic industry in heat sink and heat
exchanger applications, semi-conductor multi-layer substrates, and crucibles. AIN has a
Wurtzite type hexagonal close packed (HCP) crystal structure; aluminum atoms are
arranged in the HCP structure with nitrogen atoms filling one half of the tetrahedral sites
[44]. AIN has a very narrow stoichiometry range and melts incongruently. The
decomposition temperature under one atmosphere of nitrogen is 2417°C. Fabrication of
components with density in excess of 99% is achieved routinely on a commercial scale.
Typical densification processes used for fabricating AIN include tape casting, slip
casting, or dry pressing followed by pressureless sintering or hot pressing. Because of
the strong covalent nature of bonding, high temperatures (1800°C) are needed for
sintering. Oxides of lanthanide, yttrium, or alkaline earth metals are commonly used as
sintering aids. Thermal conductivity has been theoretically calculated to be as high as
320 W m" K and measured as high as 285 W m™ K'' in high purity materials. [45]
More typical values are 36 W/m-K at 1000°C. [46] The coefficient of thermal expansion
at lower temperatures is 4.4x10° K. This is a relatively low value, which when coupled
with good thermal conductivity, provides for better shock resistance than most ceramics
[47]. Aluminum nitride neutron irradiation properties have been studied at both high and
low fluence in a fast neutron spectrum. It was found that AIN exhibited strong
anisotropic swelling above 2.4x10** n/m* (470° C) as would be expected by the HCP
structure, however it was reported that swelling was isotropic at a fluence of 8.3x10%
n/m? (100° C). Overall swelling was reported to be less than that found for silicon
carbide at similar fluences. Specimens increased 0.15% in volume when irradiated to
5.3x10* n/m’. Upon microstructural investigation no cracks or voids were visible. In the
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fluence range of 8x10%* — 2x10*° n/m” microcrack formation on the grain boundaries was
noted due to anisotropic swelling. [48,49] Relatively high bending strengths (>350 MPa)
were maintained on irradiation to 5.3x10” n/m?. At a fluence of 9.1x10% n/m’
however, bending strength was reduced to less than 10 MPa due to the microcracking
discussed above. Thermal diffusivity decreased nearly 20% on specimens irradiated to
8.3 x 10”* n/m”. Thermal diffusivity decrease with further irradiation was minimal.

2.4.3.5 TiN

Titanium nitride (TiN) is used extensively as a hard coating on machine cutting tools.
This material is applied using various well-developed coating methods. The properties
and mechanical properties of monolithic solids are not well studied, however. TiN has a
wide range of nitrogen solubility, although the nitrogen rich portion of the phase diagram
is not well documented. Thermal conductivity data is sparse. As is typical for materials
in this class, indications are that thermal conductivity varies strongly with microstructure.
Values likely range from 15-25 W/m-K. [50] A TiN specimen irradiated in the Phénix
reactor showed no detectable swelling on radiographic examination after a fast neutron
fluence (E>0.1 MeV) of 1.95-10°° m™. [51]

2.4.3.6 ZrN

Similar to TiN, ZrN is used primarily as a coating material for machine tools such as drill
bits, rotary files, and milling cutters. Also like TiN, ZrN has a face-centered cubic rock
salt (NaCl) crystal structure. Little reliable data is available on properties of monolithic
materials of interest to fuel developers. [52] ZrN has a wide solubility range, however
the nitrogen rich side of the phase diagram is not well known. ZrN has a melting
temperature of ~2980°C, second only to HfN in the nitride class. Irradiation testing of
ZrN as a non-fertile matrix for destruction of plutonium and minor actinides is planned or
has been executed in several countries. Solid solution pellets of (Pu,Zr)N and two phased
TiN + PuN pellets have been fabricated and are undergoing irradiation testing. [53] Fuel
fabrication activities focused on (Pu,Zr)N are also conducted in Switzerland as part of the
CONFIRM program [54] and in the U.S. as part of the AFC (Advanced Fuel Cycle)
program. No irradiation performance data is yet available for these fuels. Irradiation
with 450 keV Xe*™ ions and 13 keV He' ions is currently underway at Los Alamos
National Laboratory, however final results on swelling behavior are not yet available.

2.4.3.7 Niobium Alloys

Niobium alloys are relatively well known in terms of properties and irradiation behavior,
Nb-1Zr having been extensively developed as a cladding material during the SP-100
space reactor program and subject to irradiation dose exceeding that required to achieve
the initial GFR goal burnup. [55] Detailed data on the properties of Nb alloys in general
including oxidation resistance, temperature and strain rate dependent mechanical
properties, properties as a function of impurity content, and fabrication can be found in
[56]. A more recent tabulation and assessment of properties and correlations is found in

Report on feasibility of GFR fuel for minor actinide management
Rev. 0, 8/30/04 27 of 66



[57]. Some detailed information on irradiation behavior is available [58]; Figure 2.6 is a
plot of irradiation induced swelling as a function of temperature based on data circa.
1984, that shows a peak swelling temperature of about 800°C.  Because of its
demonstrated good irradiation performance as both a matrix material in cermet fuels
(discussed below) and as a cladding material, niobium is retained as a backup candidate
as both cladding and matrix material.
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Figure 2.6. Irradiation behavior of Nb-1Zr as a function of temperature.
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2.4.4 Reference and Alternate Dispersion Fuel Concepts
2.4.4.1 Reference Dispersion Fuel Concept

Because of the acceptable properties of SiC, the large irradiation behavior database, the
preference of core designers for SiC over Nb, and the experience in use of SiC as a
component in TRISO fuel, a dispersion of (U,PuC) particles coated with a bi-layer SiC
coating in a SiC matrix is selected as the reference GFR fuel concept. This selection is
made with the realization fuel density is marginal, improvements in fracture toughness
are required, as is the potential use of an outer cladding on block-type elements.
Reference fuel parameters are listed in Table 2.7.

Table 2.7. Reference GFR dispersion fuel parameters

Parameter Reference Value

Fuel particle type Bi-layer SiC coated (U,Pu)C, Two size distribution
(1) 1.64mm diameter
(2) 480 um diameter

Inner coating Buffer layer of SiC with TD<30% and low crush strength
(1) buffer thickness ~ 58 um
(2) buffer thickness ~ 17 um

Outer coating Dense CVD SiC,
(1) thickness ~ 61 um
(2) thickness ~ 18 um

Fuel kernel (U,Pu)C
(1) 1.4 mm diameter
(2) 410 um diameter

Heavy metal density 6 g HM-cm™, 75% particle loading
5 g HM-em™, 63% particle loading
Matrix Dense SiC

Outer coating thicknesses have been specified to protect the buffer layer during handling
of the coated particles. In order to increase particle packing density, a dual sized
distribution of particles is specified.

Fabrication of this fuel type will be difficult due to the high particle loading and the
fragile nature of the coated particles, and will require novel processing techniques. The
reference fabrication process is infiltration and reaction bonding, as sintering will not be
effective and hot pressing will likely damage the thinly coated particles. CVD processing
is not likely to be effective in filling the channels within the packed bed.

In order to fabricate the composite fuel, particles may be precoated with a carbonaceous
precursor and then assembled into a packed bed or assembled into a packed bed and then
infiltrated with a carbonaceous precursor [59]. The precursor is then thermally converted
to carbon. After conversion, the matrix is infiltrated with molten silicon, and thermally
treated to allow reaction of the silicon with carbon. Many variations on this method may
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be possible, including substitution of a portion of the SiC outer shell with pyrocarbon in
order to encourage bonding of the matrix to the fuel particles, or treating the particles to
discourage bonding to the matrix.

The fact that the infiltration technique has been used previously to fabricate fuel that was
successfully irradiation tested lends some credibility to the process. Figure 2.7 shows
lateral and transverse cross-sectional images of a fuel rod (1.27 cm diameter) consisting
of a dispersion of pyrocarbon coated particles in a SiC matrix formed by reaction
bonding. [60] This fuel was fabricated and irradiation tested as part of the high
temperature AGR (Advanced Gas Reactor) fuel development effort in Great Britain.
Irradiation experiments were conducted at temperatures between 750 and 1200°C and rod
powers of 39 kW/m in two experiments. Burnup values ranged from 1.6 to 5% FIMA.
Fractional fission gas release was measured during low burnup tests, and was found to be
on the order of 10°°.
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Figure 2.7. SiC matrix coated particle fuel fabricated by reaction
bonding.

2.4.4.2 Alternate Dispersion Fuel Concept

Due to the novel nature and uncertainties in irradiation performance of the reference SiC
matrix GFR fuel, an alternate dispersion fuel based on a niobium matrix is proposed.
This fuel has also been irradiation tested to burnups and temperatures consistent with
GFR reference design goals, and at much higher heavy metal densities than SiC matrix
fuel. Figure 2.8 shows a postirradiation image of a dispersion of UQO; particles in a
niobium matrix. [61] The fuel loading in this case is 80 percent by volume. The fuel was
fabricated by first CVD coating fuel particles with niobium, then isostatically pressing at
1260°C at 10,000 psi (69 MPa) for 3 hours. The fuel was subject to irradiation at a fuel
centerline temperature of 1480°C to approximately 4 at.% burnup. After irradiation, the
fuel exhibited a density decrease of 1.4%. Fuel heavy metal density is this case is on the
order of 6.7 g/cm’. It is recommended that this fuel be reevaluated in terms of GFR
system neutronic and safety performance.

Report on feasibility of GFR fuel for minor actinide management
Rev. 0, 8/30/04 30 of 66



Figure 2.8. Postirradiation metallograph of an 80 vol.% dispersion of UO; in Nb
irradiated at T>1400°C to ~ 4 % burnup.
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3.0 EFFECT OF MINOR ACTINIDES ON FUEL PERFORMANCE

Neutron capture by **'Am and subsequent decay of the ***Cm capture product leads to
production of helium gas as in Figure 3.1. This helium generation adds to the total gas
inventory, which can become significantly higher than the gas inventory due to fission.
The generation of helium gas during transmutation of **'Am is thus a significant issue
that must be accounted for in the design of fuels that contain significant quantities of
minor actinides.

Other changes in fuel the behavior of MA-bearing fuel relative to conventional U-Pu
fuels are due to changes in fission product element distribution which affect the chemical
interaction behavior of the fuel with surrounding materials. Thermal conductivity is also
a potential issue; the thermal conductivity of Am-bearing compounds has been found to
be lower than U,Pu analogs. The impact of these effects on fuel behavior is more
difficult to gauge.
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Figure 3.1. Capture and decay chain for **' Am resulting in He gas generation.

Of all of the potential impacts of MAs on fuel behavior, helium generation is likely to be
the largest; the minor actinide isotope of primary concern from a fuel performance
perspective is therefore **'Am. Other MAs increase fuel gas inventory by a lesser
amount.

3.1 Experimental Data for Helium gas generation

There are four known experiments involving transmutation of **' Am. Results from two,
the EFTTRA-T4 test and the SUPERFACT-1 experiment have been published.
Comprehensive results from two additional experiments, the ANL X501 experiment and
a BNFL oxide experiment have not been published. Some data on helium generation is
available for each experiment, and the results are analyzed here and presented in a
uniform set of units for comparison. The quality and completeness of data vary for each
experiment; therefore the results of this analysis contain a good deal of uncertainty, and
do not provide a good basis for extrapolation.
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3.1.1 EBR-II X501 Experiment

The X501 experiment was conducted in EBR-II to demonstrate minor actinide burning
through the use of a homogeneous recycle scheme. The X501 subassembly contained two
metallic fuel elements loaded with relatively small quantities of americium and
neptunium. The attributes of these elements are given in Table 3.1. X501 was inserted
into EBR-II for run 163, beginning on February 1993, and withdrawn just prior to
shutdown in August 1994. Total irradiation time was approximately 339 EFPD’s.
Burnup, calculated on the basis of REBUS/RCT/ORIGEN data was 7.6% HM with
transmutation of 9.1% of **'Am. Plenum helium volume was measured by gas sampling,
and agrees reasonably well with the calculated data. Since the fill gas was Ar-25He, and
the fill volume is not known, the assumption was made that all argon fill gas was
recovered on postirradiation gas sampling. The initial helium fill gas volume was then
calculated by using the Ar:He ratio. Data relevant to the calculation of specific helium
gas generation are given in Table 3.2. The helium generation rate is presented in units of
cubic centimeters of helium at STP (standard temperature and pressure) per gram of
! Am transmuted, for comparison with other data. Helium generation rate is calculated
to be in the range of 38.6-44.8 cm’ He per gram of americium transmuted, depending on
the value used for postirradiation helium inventory.

Table 3.1. Attributes of X501 minor actinide bearing fuel elements.
Composition (average wt%) U-20.2Pu-9.1Zr-1.2Am-1.3Np
Major impurities (average wt%) Si:0.26, Al:0.089, Ca:0.067, Cr:0.0025,
Mg:0.009, Fe:0.001, Mn:0.001

U-235 enrichment (nominal) 60%

Fuel mass 775¢

Fuel length 343 cm (13.5in.)
Element length (nominal) 74.9 cm (29.5 in.)
Cladding OD 5.84 mm (0.230 in.)
Cladding wall 0.457 mm (0.018 in.)
Slug diameter 4.27 mm (0.168 in.)
Plenum volume 7.1 cm’

Plenum gas Ar-25He

Smeared density 75%

Fuel slug density, 99.5%

% theoretical
Estimated peak linear heat | 45 kW/m (13.7 kW/ft)
generation rate
Estimated fuel peak centerline | 700°C
temperature
Estimated cladding inner surface | 540°C
temperature
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Table 3.2. Parameters used in calculating He gas generation rate for X501 pin G582.

Parameter Value Data source

BOL “*'Am content 0972 ¢ ANL chemical analysis samples
92-2087-01 to -06

EOL “*'Am content 0.884 g McKnight

REBUS/RCT/ORIGEN analysis

241 .
Am transmutation

0.088 g (9.1 %)

Measured He in plenum 3.94 cm’ Based on AGHCF gas sampling
(sample 505A1A, 12/15/95) with
assumptions about He volume in
initial fill gas

Calculated He inventory 3.4cm’ McKnight
REBUS/RCT/ORIGEN analysis
decayed to 6/01/96

Specific He gas generation

38.6-44.8 cm’/g

He gas volume at STP per gram
of **' Am transmuted

3.1.2 SUPERFACT-1 Experiment

SUPERFACT-1 was irradiated in the Phénix reactor from October 1986 to January 1988.
Attributes of the high americium SUPERFACT-1 pins are given in Table 3.3 In addition
to two high americium elements, (U-45Np)O,, (U-24Pu-1.8Am)0O,, and (U-24Pu-
1.5Np)O, were also irradiated. Gas inventories were measured by vacuum evaporation,
and are given in Table 3.4. The He:FG ratio of 4.7 is somewhat lower than the value of
6.0 calculated for the thermal spectrum EFTTRA-T4 test.

Table 3.3. Attributes of SUPERFACT-1 americium-bearing fuel elements.

Composition

(DU-19.2Am-21.2Np)O,

Fuel column length

39.9 cm (15.7 in.)

Element length (nominal)

179.3 cm (70.6 in.)

Cladding OD 6.55 mm (0.258 in.)
Cladding wall 0.45 mm (0.018 in.)
O/M ratio 1.927

Plenum volume 7.1 cm’

Plenum gas He

Smeared density 89%

Estimated peak
generation rate

linear heat

17.427.3 kW/m (13.7 kW/ft)
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Table 3.4. Gas sampling data for SUPERFACT-1.

Composition (wt%) %HM Kr + Xe | He (cm3) He:FG
(nominally MQO») burnup (cm3)

(U-28Pu)0O, 8.5 235 10.3 0.04
(U-24Pu-1.8Am)0O, 6.8 153 39.9 0.26
(U-45Np)O, 4.6 141 22.9 0.16
(U-19.2Am-21.2Np)0O, | 4.3 134 631 4.7
(U-24Pu-1.5Np)O, 6.8 153 14.4 0.09

Data comparisons of SUPERFACT to the EFTTRA-T4 report (EUR 19138 EN) was used
to estimate specific helium release; these data are shown in Table 3.5. These numbers are
calculated for EOI (end-of-irradiation) and after one year cooling. The helium gas
inventory increases with cooling time due to decay of ***Cm, which has a 163 day half-
life. This causes the specific helium gas generation rate to increase from 33.3 cm’/g
! Am transmuted at EOI to 63.4 cm’/g “*' Am after cooling. The latter number should be
compared to the specific generation rate of 38.6-44.8 cm’/g for X501.

Table 3.5. Parameters used in calculating He gas generation rate for
SUPERFACT-1 Am-bearing pins.

Parameter Value Data source
Calculated He inventory, | 7.12x10™ mol He/cm® fuel | Table 7.1 of Euratom
EOI (16.0 cm® He/cm® fuel) report

Calculated He inventory, 1
year cooling

1.36x10 mol He/cm® fuel
(30.5 cm’ He/em® fuel)

EUR 19138 EN compares
SUPERFACT-1 to
EFTTRA-T4

BOL **'Am content

1.89 g Am/cm’ fuel

241 P
Am transmutation

0.481 g Am/cm’ fuel (25.4

Calculations based on
information in Walker,

%) JNM 218 (1995) 129-138
and Prunier, Proc. FR’91
Vol. II.
Specific He gas generation | 33.3 cm’/g He gas volume at STP per
at EOI gram of **' Am transmuted
Specific He gas generation | 63.4 cm’/g

at 1 year cooling

3.1.3 Thermal Spectrum EFTTRA-T4 Experiment

The EFTTRA-T4 experiment [62] was irradiated in hafnium filtered thermal flux at the
High Flux Reactor (HFR, Petten, The Netherlands). The EFTTRA-T4 experiment
consisted of **'Am bearing oxide particles incorporated in an inert oxide matrix
(MgO-Al,O5 spinel). Test parameters and some test results from EFTTRA-T4 are given
in Table 3.6.
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Table 3.6. Parameters and some results of the EFFTRA-T4 **' Am transmutation test.

Temperature (aluminum carrier near cladding) | 400°-450°C

Fuel phases (some uncertainty) MgO-Al,O; spinel +
(Am,A1)O; (?) particles

~3 um dia.

“I Am loading 9.7-11.9 wt%

Duration of irradiation 358.4 EFPD’s
“*I Am transmutation 96%

Total actinide burnup 28%

Total fluence (calculated) 3.5x10° m™
Fluence > 0.1 MeV (calculated) 1.7x 10 m™
Volumetric pellet swelling ~18%

Generation of helium during irradiation caused high fuel swelling and significant fuel
cladding mechanical interaction. The helium release rate from the fuel was much higher
than the fission gas release rate. Gas pressure after one year of cooling was 0.5 MPa, of
which 94.9 vol% was helium. As seen in Table 3.7, the inventory of helium was nearly
sixfold that of fission gas, and the volume release of helium from the fuel was twenty-two
times that of fission gas.

Table 3.7. Gas inventories and release at end of life in EFFTRA-T4 (one pin).

Gas species Inventory, moles Release, moles %Release
He 1.37E-03 2.66E-04 223

Kr 8.92E-06 1.07E-06 11.9°

Xe 2.20E-04 1.08E-05 4.9
He:fission gas ratio | 5.98 22.3 -

a) The authors of EUR 19138 EN consider this value suspect, since the measured quantity of Kr was near
the detection limits of the apparatus.

Parameters used to calculate the helium gas generation rate are given in Table 3.8. No
experimental verification of calculated helium inventory was conducted. Helium
generation rate was calculated to be 44.8 cm® per gram of americium transmuted at end-
of-irradiation and 59.9 8 cm® per gram of americium transmuted after one year cooling.
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Table 3.8. Parameters used in calculating He gas generation rate for EFTTRA-T4.

Parameter Value Data source

Calculated He | 1.37x10™ mol He Table 6.2 of Euratom report
inventory, EOI (30.7 cm’) EUR 19138 EN, MCNP-
Calculated He | 1.73x10” mol He | FISPACT calculations at EOI
inventory, 1 year | (38.7 cm’) (end-of-irradiation) and after 1
cooling year cooling.

BOL **'Am content 0.685 ¢

“! Am transmutation 0.646 g (94.9 %)

Specific He gas | 44.8 cm’/g He gas volume at STP per gram
generation at EOI of **' Am transmuted

Specific He gas | 59.9 cm’/g He gas volume at STP per gram
generation at 1 year of **' Am transmuted

cooling

3.1.4 PFR Sesquioxide Experiment

Three types of oxide fuel pellets were fabricated at Oak Ridge National Laboratory
(ORNL-TM-5858) and assembled into small fuel pinlets at Hanford (HEDL-7057). The
pinlets were shipped to Dounreay for assembly into an irradiation test vehicle and for
insertion in the PFR (Prototype Fast Reactor) by BNFL. Information on this experiment
has not been published in the open literature. Pellet, fuel pinlet, and irradiation
parameters are given in Table 3.9. After one cycle of 63 EFPDs, the experiment was
withdrawn from the reactor for an interim examination at approximately 1.6% HM
burnup. Gamma radiography showed that the fuel column in the Cm,0O3 sample had
grown approximately 80% in length. The experiment was not reinserted in the reactor,
and further examination commenced on all MA-bearing fuel samples. The FISPIN code
was used to calculate gas production; data are summarized in Table 3.10. The calculated
value of 68.8 cm’ He per gram transmuted americium (EOI) appears high relative to
other data presented here. This is likely due to uncertainty in calculation of the small
amount of americium transmutation.
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Table 3.9. Fuel Parameters for joint DOE/UKAEA Actinide Burning Test

Fuel Compositions Am;03, Cm,03, (AmgLan;Cm);03
Lan=La:2Ce:3Nd:Sm

Isotopes “TAm, “*Cm

Pellet Diameter 0.150” (3.8 mm)

Smeared Density 80-86%

Cladding D9, 0.230” OD, 0.030” wall (5.83/0.76 mm)

Fuel Column Length (approx.) 1.5-2” (40-50 mm)
Plenum:Fuel Length Ratio | ~1:1

(approx.)
Linear Power 9-10.5 kW/m
Irradiation Time 63.4 EFPD’s
Burnup ~1.6 at% (initial HM inventory?)
Peak Temperature T < 800°C
Table 3.10. Data relevant to calculation of specific
He gas generation for Am,O; pin
Parameter Value
Calculated He inventory 1 cm’/g
BOL “*' Am content 0.909 g/g fuel
“! Am transmutation 0.015 g (1.6 %)
Specific He gas generation (EOI) | 68.8 cm’/g

3.1.5 Implications of **' Am loading GFR fuel design

A summary of the estimates for specific helium gas generation are given in Table 3.11.
Values range from 33.3 to 68.8 cm® He/gram of **'Am transmuted. Variations may be
due to differences in data quality, core neutron spectra, the arrangement of irradiation and
cooling cycles, uncertainties in cross sections for ***Cm formation, and the method used
for estimating helium generation. The data in Table 3.11 do not lend themselves well to
extrapolation, but provide an indication of the volumes of gas that must be taken into
account during fuel design. When comparison of the ratios of helium to fission gas is
made, it can be seem that a rough rule of thumb is that at 20% loading of **' Am by mass
results in a doubling of the fuel gas inventory. The helium gas produced is also much
more mobile than xenon and krypton, and thus much more likely to be released from the
fuel microstructure into the plenum region of pin-type fuels or the buffer region of
particle fuels. The higher gas inventory and higher He gas release rate results in increase
stress on cladding, particle coatings, and dispersion fuel matrices. The impact of helium
production on fuel design thus becomes significant for pins containing more than 10 wt%
! Am, and becomes overwhelming for fuel with high americium content.
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Table 3.11. Summary of experimental helium gas generation data for Am-bearing fuels

Test Specific He generation Notes

(cm® He at STP/gram of #IAm

transmuted)
X501 38.6-44.8 14-21 months cooling
SUPERFACT-1 33.3-63.4 EOI - 1 year cooling
EFTTRA-T4 44.8-59.9 EOI - 1 year cooling
PFR 0402AE 68.8 EOI

3.2 Other factors

Other factors that are likely to be factors in the determination of fuel behavior and fuel
lifetime limits are the change in the fission product chemistry of TRU loaded systems and
potentially decreased thermal conductivity at high TRU loadings.

Changes in fission product distribution that result from fission of the heavier actinides.
These differences may result in differences in fuel/cladding chemical interaction (or
fuel/matrix chemical interaction) behavior. Also possible are changes in nitrogen partial
pressure for nitride fuels as a result of an increase or decrease in nitrogen scavenging
fission products. Analysis of these effects is not included in this report.

Also possible are decreases in thermal conductivity resulting from the incorporation of
TRU into the fuel. For example, Fig. 3.2 shows a plot of the thermal conductivity of
americium oxide relative to other actinide oxides. Reduction of fuel thermal conductivity
would result in increased fuel temperatures and consequently increased gas release.
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Figure 3.2. Thermal conductivity of Am-bearing oxide fuels relative to U ,Pu, and Np oxide
fuels. Data: Babelot, JRC-ITU-TN-99/03 (1999)
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4.0 FUEL MODELING
4.1 Pin-type fuel

Fuel behavior during core accident conditions drives GFR fuel design. During normal
operation, core coolant pressure (7 MPa) offsets cladding tensile hoop stress generated
due to fission gas pressurization of the fuel pin. This results in low tensile hoop stress (or
compressive stress) in the cladding during normal operation. GFR loss-of-coolant
pressure accidents, however, are severe in terms of negative consequences to the fuel.
Loss off coolant pressure coupled with a core temperature rise and increased fission gas
release results in a large increase in pin internal gas pressure. This increase in internal
pressure, coupled with a decrease in external cladding restraint due to depressurization
results in a large increase in cladding hoop stress. For metal cladding, this increase in
stress 1s concomitant with a decrease in cladding creep strength due to increased cladding
temperature. This scenario results in the potential for a high probability of massive
failure of fuels that are conventionally clad in sealed pins. The introduction of americium
into the fuel exacerbates this issue by increasing fuel pin gas inventory, leading to yet
higher pin failure probability.

Fuel pin models that capture the effect of additional gas inventory due to americium on
cladding stress can be easily implemented using spreadsheet calculations and/or finite
element analysis. Prediction of failure probability is, however, difficult due to the lack of
high-temperature irradiation creep data germane to the cladding systems of potential
interest. These include Nb-based refractory alloys, ODS alloys, SiC composites, and
duplex cladding systems. Tables 4.1 and 4.2 and Figure 4.1 provide examples of the
hoop stress introduced during a loss-of-coolant scenario for a sealed fuel pin originally
operating at an average plenum temperature of 650°C at and a burnup level of 10 at.%
prior to core depressurization followed by a temperature rise to 1600°C. The specific
correlations applied to calculate fission gas and helium release from the fuel are the same
as those used in section 4.2. Because the fuel is designed to allow pellet to cladding
mechanical contact only at end-of-life to prevent fuel-cladding-mechanical-interaction,
cladding stress, and thus cladding lifetime, are driven by gas pressure. Cladding stress
can be manipulated by varying the fuel to gas plenum volume ratio.

Table 4.1 shows data for a fuel to plenum length ratio of 1:1. It can be seen that under
normal reactor operating conditions, the cladding is in compression, and cladding creep-
down becomes a potential issue. This is also a phenomenon of concern in pressurized
light water reactors, and is addressed by pre-pressurizing the fuel pins with helium gas
during fabrication. LWR fuels, however, typically have very low gas release relative to
fast reactors due to lower power density and peak fuel temperature. They do not,
therefore, tend to exhibit the wide swings in pin internal pressure characteristic of fast
reactor fuels operating at much higher power density and temperature. The higher gas
release rates and the nature of the core depressurization accident make the use of pre-
pressurized fuel pins problematic for the GFR.
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The data in Table 4.1 show that the consequences the core depressurization overwhelm
the effects due to americium below about 5% Am (percent of heavy metal). At 5% Am,
additional gas inventory has a significant impact on cladding hoop stress, increasing
cladding stress by approximately 25%. At 20% Am, the cladding stress more than
doubles during accident scenarios relative to the case of no americium. The assumed
cladding transient stress limit of 20 MPa (2900 psi) for short times at high temperature
(1600°C) cannot be met for any fuel design using a short plenum.

Table 4.1. Example of increase in cladding hoop stress for a (U,Pu)N fuel during
postulated core depressurization accident conditions. The fuel to plenum length ratio is
modeled as1:1.

Condition Cladding hoop stress
(MPa)
10% burnup, no Am, normal operation at § MPa, 650° -18.7 (compressive)
10% burnup, no Am, atmospheric pressure, 1600°C 35.6
10% burnup, 2.5% Am, atmospheric pressure, 1600°C 40.5
10% burnup, 5% Am, atmospheric pressure, 1600°C 45.3
10% burnup, 10% Am, atmospheric pressure, 1600°C 55.1
10% burnup, 20% Am, atmospheric pressure, 1600°C 74.5

Table 4.2 shows data for a plenum to fuel length ratio of 2:1. In this scenario, the
cladding transient stress limit can be met for americium levels up to about 2%. A plenum
to fuel length ratio of 4:1 would be required to accommodate 20% Am in the fuel. In
other words, only 20% of the length of the cladding tube would contain fuel. Smaller
plena are required in liquid metal-cooled systems due to the less demanding nature of
anticipated transients.

Table 4.2. Example of increase in cladding hoop stress for a (U,Pu)N fuel during
postulated core depressurization accident conditions. The fuel to plenum length ratio is
modeled as 2:1.

Condition Cladding hoop stress
(MPa)
10% burnup, no Am, normal operation at § MPa, 650° -20.7 (compressive)
10% burnup, no Am, atmospheric pressure, 1600°C 18.6
10% burnup, 2.5% Am, atmospheric pressure, 1600°C 21.1
10% burnup, 5% Am, atmospheric pressure, 1600°C 23.7
10% burnup, 10% Am, atmospheric pressure, 1600°C 28.8
10% burnup, 20% Am, atmospheric pressure, 1600°C 39.0

Increasing the fuel plenum length has the consequences of increasing pressure drop
across the core and requiring a much longer core pressure vessel. It may also result in pin
vibration issues. The practical limit on plenum to fuel length ratio has not been
determined, but is likely to be on the order of 2:1. This would indicate that americium
contents on the order of 5 at.% are likely to be possible for this type of fuel.
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Due to the nature of the GFR depressurization accident and the consequent need for large
gas plenums to prevent massive pin failure, GFR designs of the 1970’s tended toward the
use of vented fuel pins as a solution to this issue. Vented pin concepts typically use a
long diffusion path length coupled with carbon ‘traps’ or ‘filters’ to allow the fuel pins to
breath while preventing newly formed fission product release to the core coolant. Pin
internal and external pressures are essentially equal, resulting in no net cladding hoop
stress and no possibility for gas-driven creep rupture of the fuel pins. Vented pins offer a
solution that would be immune to the effects of additional helium gas production due to
the minor actinides. These concepts are difficult to implement in practice, however,
resulting in some degree of increased cost and complexity relative to sealed pins.

Another potential alternative would be to vent fuel pins through a rupture disk during
accident conditions. During normal operation, a plenum to fuel ratio of 1:1 or less would
be sufficient to ensure that cladding stress remains at a low level. During a high-
temperature excursion, a ‘rupture disk’ fitted to the pin would be designed to release gas
to the coolant only when the pin internal pressure rises beyond the rupture disk pressure
limit. This would prevent potential flow blockage issues due to ‘ballooning’ of the
cladding from arising during accident conditions. Use of this concept would likely result
in a decrease in fuel reliability during normal operating conditions, however.

Modeling of vented fuel concepts offers no additional insight into the behavior of fuels
with high minor actinide content, since the principal difficulties with this concept are
design interface issues. The life limiting factor for the fuel shifts from internal
pressurization to an issue such as cladding corrosion or pellet-cladding-mechanical-
interaction, which is not yet obvious.
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Figure 4.1. Response of cladding hoop stress to GFR accident conditions
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4.2 Unrestrained particle fuel model

The behavior of beds of fuel particles were modeled as single spherical fuel particles
surrounded by a thick-walled pressure vessel. Gas pressure in the sphere generates a
stress in the sphere wall, which can be compared as a function of particle size, americium
content in the fuel, and buffer and coating thickness.

The fission gas release rate from the fuel particle was calculated by a best-fit correlation
equation from UN fuel data

R = 100/[exp(0.0025{90TD""7/B** - T}) + 1] (eqn. 4.1)

where TD is the fraction of theoretical density, B is the burnup fraction and T is the
absolute temperature. [63] The helium release rate from the fuel particles was taken as
five times the fission gas release for this investigation. The 5:1 ratio is a conservative
value based on results of the EFTTRA-T4 test (see section 3). Released fission gas and
helium are assumed to expand into pores within the fuel particle and buffer layer, which
generates pressure inside of the hollow sphere of matrix material. The pressure is
calculated using the ideal gas law. The stresses at a distance, R, from the center of a
thick-walled pressure vessel in spherical coordinates are given by:

313 p3
pia (b - R )
R~ R3(a3 _b3) (eqn' 42)
3 3 3
C,=0,= pa_ Q2R +b7) (eqn. 4.3)

2R b’ -a’

where p; is the internal gas pressure, a is the inner radius of the matrix shell, b is the outer
radius of the matrix shell, and R is the radial distance within the shell. [64] The stresses
are dependent on the location within the shell matrix and reach a maximum at the inner
shell radius and then decrease to a minimum at the outer shell radius. In this way, stress
in the particle shell can be easily calculated.

Figure 4.2 shows plots of stress in the shell of a particle with the attributes given in Table
4.3
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Table 4.3. Attributes of modeled fuel particles

Parameter Value
Fuel type (U,Pu,Am)N
Kernel diameter 1 mm
Kernel density 85% theoretical
Buffer layer thickness 48 um
Buffer layer density 50% theoretical
Buffer layer composition Low-density TiN
Outer shell thickness 100 um
Outer shell composition Dense TiN
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Figure 4.2 Effective stress on outer shell of fuel particle as a function of Am content at
1200° and 1600°C and 10% burnup.

Because the particle packing density is low and all fission gas must be accommodated
internally in a ‘buffer layer’ (effectively a gas plenum), fuel particle coating layers must
be very thin relative to those used on TRISO fuel. As a result, it can be seen from Fig 4.2
that high stresses are generated in the fuel particle shell wall under core accident
conditions for even for fuels with no americium content. Analysis of the failure
probability of ceramic fuel particles should be done using a classic Weibull type analysis
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based on failure statistics. As with all GFR fuel concepts, the lack of a sutiable statistical
database for chemically vapor deposited titanium nitride (CVD-TiN) prevents a
quantitative assessment of failure probability under these conditions. Typical strengths
for monolithic nitride ceramic materials are on the order of 400-600 MPa, however. If a
‘factor of safety’ of ~5X less than fracture stress under accident conditions is applied
(100 MPa peak stress at 1600°C, as used for dispersion fuel matrix stress limit), then it is
clear that this concept is marginal at the target burnup level of 10 at.% without the
incorporation of americium. Incorporation of Am further decreases the probability that
this fuel concept can be successfully implemented for MA management.

4.3 Dispersion fuel model

Because of the complex microstructure of dispersion fuels, two separate finite element
models are required to gauge fuel performance. An element scale model containing all of
the microstructural features of a dispersion fuel (millions of particles, hundreds of
millions of nodes) would be far too computationally intensive for practical application as
a screening tool. Instead, a macroscopic model with no microstructural detail is used to
calculate macroscopic thermal stresses and fuel temperatures. A micro-scale model is
then used to calculate the local stress state of the fuel element due to gas pressure and
fuel particle swelling as a function of americium content. Fuel to coolant ratio was kept
constant at 50 vol.% for all concepts. Fuel particle loading was also fixed at 50 vol.%.

4.3.1 Macroscopic stress model

Hexagonal block fuel elements were modeled using two different size concepts, with 1
cm and 15 cm side lengths. The 1 cm side length (1.73 cm flat to flat) hexagonal
elements represent the thermal gradients and stresses present in a dispersion fuel element
consisting of small diameter pins that are bundled together to form an assembly. The
larger element (15 cm side length, 25.98 cm flat-to-flat length) represents fuel elements
for a core similar to a GT-MHR, where blocks are stacked in a hexagonal array. Both
sizes of fuel elements were modeled using a 1/6 segment representation of a hexagonal
element as shown in Figure 4.2 as well as full-scale six-sided element models. Elements
with hexagonal and cylindrical flow channels were modeled to gauge the effect of flow
channel geometry on macroscopic thermal stresses within the fuel.

Multiple models were drawn with various numbers of cylindrical flow channels. To
simulate helium coolant flow, a convection coefficient of 1500 W/m*K was applied to
the surfaces of the flow channels and along the outer edge of the fuel element model. A
constant uniform heat generation rate of 2.0x10° W/m® was applied to the solid
homogeneous fuel matrix to model the volumetric heat generation due to fission. At a
constant coolant volume fraction of 0.5, this results in a core power density of 100
MW/m® at the location of the analysis. An average ambient gas temperature of 650 °C
used in the model calculations. Table 4.2 contains the material properties assumed for
the FEA models. The FEA models were used to complete steady-state thermal and static
stress analysis. A typical fuel element model contained 100,000 — 200,000 nodes. To
obtain stress contours, models were analyzed without physical constraints to motion,

Report on feasibility of GFR fuel for minor actinide management
Rev. 0, 8/30/04 45 of 66



simulating a free floating block or pin. Hand calculations of strain due to thermal
expansion were used to verify the adequacy of the model in calculating thermal strains.

Table 4.4 Parameters for global FEA model

Coolant temperature 650°C
Fuel thermal conductivity (W/m*K) 15
Heat generation (W/m”) 2.00E+06
Convection coefficient (W/m**K) 1500

4.3.1.1 Small element with hexagonal flow channels

All models of pin-type fuel with hexagonal flow channels had a 1 cm side with a 1.73 cm
flat to flat dimension. Calculational data acquired from the hexagonal models is shown
in Table 4.5. Figure 4.3 shows a typical stress plot of a fuel model with hexagonal
coolant channels. Note that the temperature gradient is less than 10°C across the element.
To maintain a uniform web thickness throughout the entire element and reduce stress
concentrations, coolant flow channels were cut from outer edges of the elements.
Slightly lower stresses result from models that incorporate coolant channels into the outer
edge of the element, and a further slight reduction in stress results from fillets to the
corners of the coolant channels. In all cases, stress levels are low and acceptable relative
to the known properties of SiC. Fuel temperatures remain low, peaking at approximately
100°C above the coolant temperature.

Table 4.5. Temperature and stress data for 1.73 cm diameter
hexagonal fuel pin with hexagonal flow channels

Max Stress
No. of Channels Max Temp (°C) (MPa)
61 (straight) 696.8 4.1
61 (coolant channels at
element edges) 695.8 3.6
61 (channels at edges &
fillets at corners) 697.5 34
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Stress
Maximum Principal
MAEm"2)

2372377
2026326
2700275
236.4224
2028174
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1356072
102.0022
62.29709
24.79202
1.186943

Load Case. 1 0f 1
Maimurm Value: 337.238 NAcm"2)
tinimum valug: 1.18693 NAcm 2)

Figure 4.3. Stress plot of 1.73 cm (flat-to-flat) hexagonal fuel element with hexagonal
coolant channels.

4.3.1.2 Small element with cylindrical coolant flow channels

Table 4.6 summarizes calculational data obtained from the analysis of small GFR fuel
elements with cylindrical flow channels. Elements have a 1.73 cm flat-to-flat dimension,
and would be bundled to form an assembly. As in the case of the elements with
hexagonal flow channels, the diameter of the channels was varied for while the
fuel/coolant fraction was held to 50% in order to generate parametric data.

Figure 4.4 shows the steady state thermal analysis results obtained from modeling a
hexagonal fuel element model with a side length of 1 cm and containing 91 cylindrical
coolant channels. The diameter of the cylindrical channels is 1.35 mm resulting in a web
thickness is 0.431 mm. Table 4.6 gives further results for models with fuel channel
diameters ranging from 1.1 — 3.0 mm. Fuel temperatures are in the range of 685 - 738°C
resulting in peak maximum principle stresses of 2.7 — 5.9 MPa, negligible values
considering the strength of SiC.

Fabrication difficulties would likely dominate the practical utility of these small
elements, due to the many small coolant channels that would have to be introduced into a
long, spaghetti-like ceramic element, although elements with cylindrical flow channels
are likely to be more practical from the standpoint of fabrication than elements with
hexagonal flow channels. An alternate design not yet modeled would incorporate fewer
coolant channels and a slightly larger element diameter.
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Table 4.6. Temperature and stress for small scale elements with
cylindrical coolant channels.

clj((:ia(ilft Channel Web thickness | Max Temp Max Stress
channels | diameter (cm) (cm) °O) (MPa)
19 0.2950 0.0875 738.3 59
37 0.2114 0.0650 713.5 4.5
61 0.1647 0.0518 700.6 3.9
91 0.1348 0.0431 692.6 3.4
127 0.1141 0.0369 685.9 2.7

Temperature
deg C

622602

621.4574
620.3725
6592583
6851437
627.0202
625.0145
G24.2001
523 6255
5225700
21 4564

Load Case: 10of1
Maximum value: 892,602 deg C
Minimurm Yalue: 581 456 deg C

Figure 4.4. Thermal model (1/6 element) of 1.73 cm (flat-to-flat) hexagonal fuel element
containing 91 cylindrical coolant channels.
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4.3.1.3 Large block-type fuel with cylindrical flow channels

Hexagonal block-type fuel were modeled as 1/6 segment models for a variety of coolant
channel diameters. These elements would be stacked together to form a core similar to
the manner in which HTGR elements are assembled. The temperature gradients and
stress in the larger block-type fuels are significantly increased relative to the smaller ‘pin-
like’ fuels. Larger web thicknesses result in higher peak temperatures and temperature
gradients, which result in higher peak stress values as the cylindrical channel diameter
increases. Figures 4.5 and 4.6 plot the relationship between the circular coolant channel
diameter and the fuel element maximum temperature and the coolant channel diameter
and fuel element maximum principal stress for a 1/6 element hexagonal model.
Elements modeled with coolant channel diameter less than 1 cm exhibit maximum
principal stresses of less than 150 MPa. Maximum element temperature is approximately
1000°C for 15 cm diameter plates with 1 cm diameter channels.

Based on the results of the 1/6 element hexagonal model, full hexagonal fuel element
models were used to further analyze fuel temperatures and the macroscopic thermal and
stress distribution across a whole element. Figure 4.7 is an image of the calculated
temperature distribution in a full hexagonal model. The steepest temperature gradients,
and hence the largest thermal stresses occur at the 6 corners of the hexagon due to ‘over
cooling’ of these areas relative to the remainder of the fuel element. To eliminate these
areas of high stresses, this material was removed by cutting a 60° wedge of material
including the high stress volume from the corners of the hexagon. Figure 4.8 shows that
this reduced the stress significantly in these locations, however the location of the peak
stress remains in the near surface region of the coolant channels nearest the six corners of
the element.
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Coolant Channel Diameter (cm)

Figure 4.5. Maximum temperature in a ‘full” hexagonal fuel model as a function of
coolant channel diameter.
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Figure 4.6. Maximum stress in ‘full” hexagonal fuel elements as a function of coolant
channel diameter.

Temperature
deg C

69261
G621.1924
6207742
GE88.3572
656 9396
GE5.522

6841043
GEZ 6367
G51.2691
G79.8515
G678.4339

Load Case: 1of1
Maximum Yalue: 692 61 deg C
Minimum Yalue: 678.434 deg C

Figure 4.7. Temperature plot of ‘full’ hexagonal fuel element showing largest thermal
gradients at the corners of the model (geometry a). 1 cm edge length shown.
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Load Case: 10of1
Maximum walue: 21822.3 M/ cm"2)
Minirnurm Walue: 321.958 Nicm*2)

Strass
Maximum Frincipal
M em"2)

2182227
1067224
1752221

158372158
1322215
1107211

5822.083
G772.052
A622.024

2471.959
321.9953

Figure 4.8. Stress plot of ‘full” hexagonal element model with corners removed to reduce
stress in these areas (geometry b). 1 cm edge length shown.

Table 4.7 lists peak temperature and peak maximum principal stress data for full
hexagonal fuel element models of differing edge lengths each with 91 cylindrical coolant
channels. Data is shown for models with and without modifications to the geometry to
reduce stress discussed above; model geometry ‘b’ denotes removal of material at the
corners of the hexagon. Results from the hexagonal (full) model indicates that coolant
channel diameters of less than 1 cm are required in order to maintain thermal gradients

and consequent steady state thermal stresses at a reasonable level.

Table 4.7. Summary of maximum element temperature and stress for full hexagonal
models with varying coolant channel diameters.

Coolant channel Model Max Temp Max Stress
diameter (cm) geometry (°O) (MPa)
0.27 a 692.6 23.2
0.27 b 694.3 13.5
1.0 b 1060.5 21822
2.0 a 1535.1 1044.2
2.0 b 1604.2 607.9
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The large increase of stress calculated for the full hexagonal block model relative to the
1/6 element model requires further design improvement to further decrease the steady
state thermal stress. Smaller diameter high aspect ratio elements bundled into a fuel
assembly offer a potential alternative design that operate at a lower temperature, lower
temperature gradient, and consequently a much lower internal stress level.

4.3.2 Micro-scale modeling of GFR dispersion fuel

Due to the complex geometry and stress state within the matrix of a dispersion fuel, an
analytical solution for stress state is not possible. Finite element modeling was therefore
used to assess the state of stress and to make judgments about the relative impact of
americium on the stress within a dispersion fuel matrix.

4.3.2.1 Description of micro-scale model

Dispersion fuel was modeled as an array of spherical fuel kernels embedded in a SiC
matrix which acted as a pressure vessel with variable thickness walls. Fuel particle
volume fraction was kept constant at 0.5. Stress in the matrix was calculated on the basis
of fuel swelling and gas release from the fuel as a function of burnup, temperature, and
americium content. Thermal gradients and resulting thermal stresses were calculated
using FEA and found to be negligible on the scale of this model and were therefore
ignored.

The modeled fuel was roughly equivalent to the reference design in Table 2.7, except that
a mono-modal kernel size distribution was used. The cavity in the matrix includes the
UC spherical kernel and the coating used as a buffer between the fuel and the matrix. The
reference design calls for a low density SiC buffer which was modeled to have 50%
porosity. The initial volume in the cavity available for gas expansion thus consists the 50
vol.% void space in the buffer along with the 15 vol.% void space within the volume of
an 85% dense (U,Pu)C kernel.

The release rate for fission gas into the dispersion cavity was based on data from carbide
pellet type fuel shown in Fig. 4.9. Results from U.S. experiments on gas release from
fuels with low oxygen content indicate (conservatively) a linear release of 2% per atom
percent burnup beyond a threshold burnup value of 3 at.%. Helium gas generation was
estimated at 50 ml/g of > Am transmuted based on the analysis of available data in
Section 3.
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Figure 4.9. Gas release data for carbide fuels. Gas release for dispersion fuels was
modeled as 2% per at.% burnup beyond a burnup threshold of 3 at.%. Thisis a
conservative value based on data from U.S. fuels with low oxygen content.

Two models were investigated for modeling the matrix stress; a 3 x 3 x 3 cubic structure
consisting of 27 total kernels (Fig. 4.10) and a smaller model consisting of only 4 kernels.
The smaller 4 kernel model gave results consistent with the 27 sphere model, and was
more manageable in terms of computational resources. Fig. 4.11 shows an example of
the representation of stress output from the 4 kernel model. Here the model has been
sliced at the midplane to show internal stress. Peak stresses that occur on the edges of the
models are due to asymmetry at the model boundary and are ignored. The peak stress
relevant to fuel performance determination occurs in the thin web of matrix material
located between adjacent particles. The maximum value of principal stress always
occurs at this point and was used as an indicator of the response of the matrix stress to
increasing americium content.
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Figure 4.10. Cross-section of 27 cell dispersion fuel model.
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Figure 4.11. Example of stress results from 4 cell dispersion fuel model
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4.3.2.2 Results of micro-scale modeling of dispersion fuel

The 4 kernel micro-scale model was used to perform matrix stress analyses at 3 different
fuel temperatures (800 °C, 1200 °C, and 1600 °C) and americium contents ranging from
0-10 at.% of heavy metal. Fig. 4.12 provides an example of the evolution of matrix
stress as a function of burnup for americium contents of 0-10 at.% (percent heavy metal)
at 1200°C. Matrix stress increases approximately in an exponential manner with burnup,
as total gas inventory and gas release rate increase and fuel kernels swell to fill the space
available for gas expansion. Assuming a low modulus buffer layer, no fuel particle to
matrix contact occurs below 10 at.% burnup.

200
180 // X / A:S"/Ao Am
160

X 5% Am

o 120 | e ] 010% Am

2.5 4.5 6.5 8.5 10.5 12.5
% Burnup

Fig. 4.12. Evolution of matrix stress for dispersion fuel at 1200°C.

Plots of the evolution of stress as a function of temperature for 4, 7, and 10 at.% burnup
are shown for americium levels of 0, 2.5, 5, and 10 at.% in Figs. 4.13 — 4.16. These
plots provide an indication of how matrix stress evolves as a function of temperature and
burnup for each case.

The strength of brittle materials (materials with low fracture toughness), such as
ceramics, is heavily dependent on the density, size, and location of microstructural
irregularities (flaws) in the material. These flaws are invariably introduced during the
fabrication process. A rigid analysis of failure probability would require a statistical
database consisting of test data for the material being analyzed. The strength of these
materials depends not only on the type of manufacturing process used, but also on the
geometry of the component (volume under stress) and the specifics of the process, such
as origin and impurity levels of feedstock. It the absence of such a statistically significant
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database, it is thus very difficult to judge strength limits and failure probability. Rough
assumptions are thus used to gauge the likelihood of failure.

Well made SiC monoliths have typical 4-point bend strength values in the 400-500 MPa
range. Applying conservatism leads to consideration of an allowable stress limit of 100
MPa. It must be stressed that this is currently an arbitrary limit, put forth more as a value
for comparison of the various cases.

0% Am
120

100

\g

©
% ¢ 4% Burn-up
" 60 u 7% Burn-up
£ 10% Burn-up
n 40 —

20

N —

0

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Temperature

Fig 4.13. Matrix stress as a function of temperature for fuel containing no americium at
4,7, and 10 at.% burnup.
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Fig 4.14. Stress as a function of temperature for fuel containing 2.5 at.% americium at 4,
7, and 10 at.% burnup.
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Fig 4.15. Stress as a function of temperature for fuel containing 5 at.% americium at 4, 7,
and 10 at.% burnup.
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Fig 4.16. Stress as a function of temperature for fuel containing 10 at.% americium at 4,
7, and 10 at.% burnup.
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As can be seen in Figs. 4.13-4.16, the increase in stress is linear with temperature, since
for these cases no temperature dependence of the gas release rate was assumed.
Typically, gas release rate increases with temperature, and would result in non-linearity
of these plots, however the existing database for carbide fuels did not support such
assumptions.

First considering the case of no americium, it can be seen that at an assumed fuel
operating temperature of 1200°C, the modeled matrix maximum principal stress levels
remain below the 100 MPa target limit for fuel burnup beyond 10 at.%. The spacing of
the plotted lines indicates the exponential increase in stress with burnup, as discussed
above. The addition of 2.5 at.% Am increases the stress in this case (1200°C and 10 at.%
burnup) by approximately 18% relative to the case with no americium. This results in a
decrease in burnup potential of approximately 0.6 at.%, assuming that the matrix stress
level chosen is a valid indicator of fuel burnup limit. Likewise increasing the Am content
to 5 and 10 at.% results in a matrix stress increase of 36% and 71% respectively. Since
stress increases exponentially with burnup, when the 100 MPa reference stress limit is
applied, decreases in burnup limits of 1.1% and 1.6 at.% result.

Also significant is the behavior of the calculated matrix stress during the 1600°C
transient case. Fig. 4.17 shows calculated matrix stress as a function of burnup for
americium contents of 0-10 at.% heavy metal at 1600°C. Here the reference stress of 100
MPa is exceeded at about 7.5 at.% burnup for an americium content of 10 at.%. For the
case of fuel with no americium, the 100 MPa limit is reached at 9.7% burnup. The
intermediate case (5 at.% Am) reached 100 MPa at approximately 8.5% burnup, a
decrease of slightly over 1% relative to the case with no americium.
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Fig 4.17. Evolution of matrix stress as a function of burnup at 1600°C for americium
contents of 0-10 at.%.
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The results of this analysis indicatesthat americium contents on the order of 5 at.% result
in some potential loss of margin under GFR accident conditions, but are in general
acceptable. Burnup limits determined on the basis of core accident behavior can be
expected to be approximately 1-2% lower than for a fuel containing no americium.

5.0 SUMMARY

In large part, the feasibility of the GFR for minor actinide burning depends on the
limitations of the fuel. GFR fuel concepts represent a compromise between heavy metal
density and the ability to withstand GFR severe accident conditions. Two fuel types
appear most likely to meet GFR design goals; these are pin-type refractory ceramic fuels
clad with refractory materials and dispersions of refractory particles in a refractory
matrix. Both fuels require extensive research before a definitive feasibility judgment can
be made, and extensive development and qualification prior to implementation.

Since no data exists on the irradiation behavior of proposed GFR fuels under GFR core
operating conditions, the assessments in this report are made on the basis of scoping
analysis of fuel concepts. A combination of relatively simple behavior correlations and
finite element analysis were used to make relative judgments about the impact of minor
actinide loading on fuel burnup lifetime. It appears from literature data that the primary
factor distinguishing MA-bearing fuel behavior is the generation of large additional
inventories of helium gas due to capture and decay processes beginning with **' Am. This
large gas inventory results in increased stress on the cladding or matrix, and is
particularly problematic for the GFR, where loss of core pressurization results both in a
rapid temperature rise and the removal gas overpressure that acts as a restraining force.
This assessment was therefore focused on the response of several fuel types to this
increased gas inventory, particularly during core accident conditions.

A quantitative assessment of the limits of minor actinide content as a function of fuel
burnup limit and fuel temperature limit is not currently possible. This is due to two
reasons. First, fuel behavior under irradiation is extremely complex, and it is impossible
at this time to take into account all parameters that affect fuel lifetime. Second, the high
temperature material properties of proposed cladding and matrix materials under
irradiation are not well known. Further, the fracture behavior of ceramic materials
depends is fabrication process and is microstructure and geometry dependent. These
issues make it imperative that fuel irradiation testing be conducted as part of a feasibility
assessment.

5.1 Pin-type fuel

In general, pin-type fuel is most adaptable to the issues posed by burning minor actinides.
Fuel to plenum volume ratios can be adjusted to account for the increased gas inventory
at the cost of increased pressure drop across the core and a larger volume required for the
core primary pressure vessel. Creep strengths of refractory metal cladding materials are
quite low at GFR accident temperatures and conventional sealed pin-type fuels would
require a very large plenum, perhaps on the order of 3X the fuel volume to accommodate
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the gas release at an americium loading of 10 at.% of the heavy metal. The consequences
of allowing fuel failure during accident conditions are not well understood. If, however,
severe ballooning of the cladding occurs, flow blockage could result in an uncoolable
core geometry.

An alternative to sealed pin-type fuel may be vented fuel or fuel fitted with a rupture disk
system. In this case, considering only gas-loading of the cladding as the life-limiting
factor for the fuel, the potential for MA loading is much higher, and there are no
requirements for a long gas plenum. In the case of vented fuel, pin external and internal
pressures are approximately in equilibrium, resulting in very low cladding hoop stress
and no propensity toward cladding creep. Fission product release from the pins to the
coolant is controlled by using a filter or series of porous carbon and/or metal frit filters.
Use of a vented fuel adds considerable complexity to the GRF in terms of core design and
fuel handling.

In the case of fuel that vents through a rupture disk, fission products are released to the
coolant only during accidents where pin internal pressure rises beyond the limits of the
rupture disk. This would prevent potential flow blockage issues due to ‘ballooning’ of
the cladding from arising during accident conditions. Use of this concept would likely
result in a decrease in fuel reliability during normal operating conditions.

Given a fuel to plenum ratio typical of fast reactors in the range of 1.2:1 — 1.5:1,
incorporation of americium at levels beyond approximately 5 at.% into conventional
sealed pin-type fuels results in a significantly higher risk of fuel failure during core
accident conditions. The consequences of this failure may be high if excessive fuel
diametral strain results in flow blockage within the core.

Vented concepts for pin-type fuels (both open pins and rupture disks) pose no real
limitations with regard to the impact of minor actinide inventory on gas pressure driven
cladding stress on fuel behavior during failure. Fuel lifetime limitations are not typical of
conventional sodium-cooled fast reactors or water-cooled reactors, and are not well
understood. Allowable minor actinide loading in this case could almost certainly be such
that more than 20% americium could be incorporated in the fuel.

5.2 Particle bed fuel

Because particle packing density is low and all fission gas must be accommodated
internally in a ‘buffer layer’ (effectively a gas plenum), fuel particle coating layers must
be very thin relative to those used on TRISO fuel. As a result, high stresses are generated
in the fuel particle shell wall under core accident conditions even for fuels containing no
americium. As with all GFR fuel concepts, the lack of strength data for chemically vapor
deposited titanium nitride (CVD-TiN) prevents a quantitative assessment of failure
probability under these conditions. Typical strengths for monolithic nitride ceramic
materials are on the order of 400-600 MPa, however. If a ‘factor of safety’ of 5X less
than fracture stress under accident conditions is applied (100 MPa peak stress at
1600°C), then it is clear that this concept is marginal at the target burnup level of 10 at.%
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without the incorporation of americium. Incorporation of Am further decreases the
probability that this fuel concept will perform adequately.

5.3 Dispersion fuel

Because of the nature of dispersion fuel, the ‘gas plenum’ is integral to the fuel particle.
Increase in ‘gas plenum’ volume always result in lower heavy metal density in the fuel.
This is in contrast to pin-type fuels, where increasing the gas plenum length has no
impact on the heavy metal density within the GFR active core volume. Dispersion fuel
thus offers less flexibility than pin-type fuel for burning minor actinides whose primary
fuel performance attribute is the generation of additional gas inventory.

Because of the complex microstructure of dispersion fuels, two separate finite element
models are required to gauge fuel performance. A macroscopic model with no
microstructural detail is used to calculate macroscopic thermal stresses and fuel
temperatures. A micro-scale model was used to calculate the local stress state of the fuel
element due to gas pressure and fuel particle swelling as a function of americium content.
Fuel to coolant ratio was kept constant at 50 vol.% for all concepts. Fuel particle loading
was also fixed at 50 vol.%.

Some further evolution of macroscopic dispersion fuel design is required. Models
incorporating all of the features of a hexagonal block type element indicate high stresses
at the corners of the blocks that must be reduced. Smaller diameter high aspect ratio
elements bundled into a fuel assembly offer a potential alternative design that operate at a
lower temperature, lower temperature gradient, and consequently a much lower internal
stress level. Dispersion fuel models indicate a significant increase in matrix stress at
americium levels above approximately 5 at.% during core accident conditions, where
temperatures are assumed to be reach 1600°C. The increase in gas inventory would
likely result in lower design burnup limits for the fuel based on the levels of matrix stress
achieved during these conditions. At 5 at.% Am content, burnup limits determined on the
basis of core accident behavior can be expected to be approximately 1-2% lower than for
a fuel containing no americium. Dispersion fuel is thus considered a viable concept for
managing minor actinides at levels on the order of 5 at.% heavy metal or less.

5.4 Conclusions related to further modeling of GFR fuel

The assessments in this report on the feasibility of using GFR fuel for MA burning are
made on the basis of scoping analysis of fuel concepts; little experimental data is
available to support these assessments. Some further incremental progress on
determining the viability of minor actinide transmutation using GFR fuel concepts can be
made by developing more sophisticated fuel performance models; this also requires that a
well defined set of material properties and irradiation performance correlations be
available for use by fuel designers and modelers. In addition, analysis of the potential
effects of the shift in fission product distribution on internal fuel chemistry can be more
clearly defined, as well as potential decreases in fuel thermal conductivity. In the end,
due to the extremely complex nature of fuel behavior under irradiation, fuel irradiation
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testing is necessary for final determination of viability; without irradiation test data, no
concrete statements about viability can be made. This is especially true for the GFR,
where operating parameters and fuel physical requirements are outside of the envelope of
the current experimental fuel database.
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